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INTRODUCTION. 


THIS communication introduces a series of papers describing the effect of 
various substances on the healing of standard wounds in animals. The work 
has two objects: (1) To test the effect of substances for which beneficial use 
is claimed, under properly controlled conditions, and (2) to investigate the action 
of such substances on the various tissues and thus ascertain why and how 
beneficial results are obtained. 

Clinical experiments, to be conclusive, are notoriously laborious and difficult 
to control. The best method available is Carrel’s technique for plotting the 
progress of healing. Here the criterion of healing is closure of the wound and 
the quality of the newly-formed scar-tissue remains obscure. Histological 
investigations of human material are rare, since repeated biopsies inconvenience 
the patient. 

Quantitative histological analysis of the effect and mode of action of various 
substances on wound healing is therefore restricted to animal experiments. 
Although conclusions drawn from such experiments cannot be applied to 
human patients without reserve, they give a helpful indication as to whether 
a given substance is beneficial and if so under what conditions. 

The present communication reports a quantitative histological analysis 
of the normal processes involved in the healing of three types of experimental 
wounds : (a) Superficial wounds, (b) deep wounds involving skeletal muscle, 
and (c) burns. 


MATERIAL AND METHODS. 
Material. 
tats aged 9-18 months were used; they were fed on a well-balanced 
stock diet supplemented by liver and green-stuff. 
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Surgical methods. 


Each animal was anaesthetized with ether and a single standard wound 
was made under sterile conditions. The wounds were not dressed or ban- 
daged, since animals interfere with the dressings, thus distorting the wound 
and slowing up the processes of repair (Gundel and Blattner, 1934; Kiimmell 
and Jensen, 1936). 


Superficial wounds.—A circle was cut on the back with a cylindrical blade, 
6 mm. in diameter, rotating in a drill. The circle of skin was then excised 
with fine scissors down to the panniculus carnosus, which was sometimes 
removed and sometimes left intact. Animals were killed on each day after 
the operation for 20 days and then at longer intervals for the next 40 days. 


Fic. 1.—The projection apparatus for measuring the size of superficial wounds during life. 


Deep wounds.—A circular cut was made on the thigh by the same method 
and a layer of skeletal muscle was removed with the skin. The rats were 
killed at 3-day intervals for 30 days after the operation. 

Burns.—An electric soldering iron was applied to the back for 20 seconds. 
The animals were killed at 2-day and later at longer intervals for 60 days. 


Measurements of wound-area. 


The wounds were drawn and measured during life by means of an apparatus 
designed by Dr. D. E. Lea (Fig. 1). 

The apparatus was designed so that an enlarged tracing of the 
wound could be obtained. 

The wound was pressed against the lower surface of a glass plate (A), 
which formed the base of a shallow box (B). Four 60-watt lamps 
inside B illuminated the wound. A camera lens (c) (Zeiss-Tessar : 
focal length 7°5 em.; aperture f/2°8) in a focusing mount projected 
an image of the wound on to another glass plate (p). A sheet of tracing- 
paper was laid on this plate and the outline of the wound traced on it. 
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A constant magnification of 9°2 diameters + 1 per cent. was obtained 
over the whole field. The drawings were made in the dark, and the 
lamps were overrun for the few seconds necessary in order'to obtain 
adequate illumination for the operation. An electric hair drier was 
used to prevent overheating of the lamp box. 

Drawings of the superficial wounds were made at 2-3-day intervals, but of 
the burns only three or four times in all. The deep wounds were not measured. 
The area and radius of these drawings were measured with a planimeter, and 
the average figures calculated for all the wounds drawn at any given interval 
after the operation. 


Histological technique. 


The wound surrounded by some normal skin was excised, spread out on a 
piece of filter-paper to keep it flat and fixed in Susa’s fluid ; it was then cut in 
half. Both halves were embedded in paraffin, and one was sectioned in the 
vertical and the other in the horizontal plane. Sections were stained by one 
of the following methods: haematoxylin and eosin, azan, Pappenheim’s, 
Weigert’s (for elastic fibres), Feulgen’s or Wilder’s method. 

Quantitative results were obtained from the following measurements : 
(a) Epithelium—the distance between the growing margins and that between 
the original margins ; (b) connective tisswe—(i) collagen: the same measure- 
ments as for (a), and also the thickness of the fibre bundles at different levels ; 
(ii) elastic fibres: the distance between the cut edges ; (c) skin muscle: the 
diameter of the area devoid of muscle fibres. 

These measurements were made by means of a moveable stage, the 
division 5 of an eyepiece micrometer being taken as a fixed point. Various 
known magnifications up to < 800 were used according to the size of the 
distance to be measured. The measurements are expressed in mm. and u 
respectively, 

The average distance between the original cut edges of each layer of tissue 
in a series of wounds fixed and sectioned at different intervals was plotted 
against the time after operation to indicate the rate of contraction of each 
layer. Similarly the average distance between the growing edges of the 
newly-formed tissue in the same sections was plotted to indicate the rate of 
regeneration of each layer. Such curves illustrate the general progress of 
healing at different levels and, as will be described in subsequent papers, they 
may show marked alterations with different experimental treatments. Indi- 
vidual variation is such that unless a very large number of animals are used 
it may not be justifiable to draw conclusions from the exact shape of the 
curves, although in fact the forms correspond well with those of similar curves 
of contraction and regeneration obtained by surface measurements in dog and 
human wounds (Carrell and Hartmann, 1916). 

Since only the repair of tissues is relevant for this work, cellular processes 
such as mitotic activity or the infiltration of white blood cells were not assessed 
quantitatively. A quantitative account of such cellular activities is found in 
the papers of Spain and Loeb (1916), Loeb and Addison (1911), Addison and 
Loeb (1913), and Spain (1915). 





L. DANN, A. GLUCKSMANN AND K. TANSLEY. 


RESULTS. 
(a) Superficial wounds. 

A scab formed during the first four days and was shed between the 7th 
and 14th days. The surface area of the wound began to diminish during the 
first 24 hours and continued to do so until the 8th or 9th day, when epithelia- 
lization was complete (Fig. 2, dash and circle line). 

The wounds of three of the 27 animals used for these experiments (11 per 
cent.) became infected. 
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Fia. 2.—Histological and wound surface measurements in untreated superficial wounds. 


Percentage distance between cut edges of old epithelium. 
” ” * regenerated epithelium. 
ee om " old collagen bundles. 
‘“ ‘. edges of regenerated collagen. 
size of superficial wound area. 


The average figure for the distance obtained on the first day after operation is taken as 
100 per cent. 


The wounds diminished in size partly by the contraction of the margin of 
the old tissue and partly by the formation of new tissue. 

Epithelial contraction (Fig. 2, continuous line) was slow during the first 
four days, but proceeded rapidly during the 5th and 6th days, after which it 
again slowed down. Epithelial regeneration (dotted line) began at once, 
continued rapidly for the first five days, and then declined until the 9th day, 
when the surface of the wound was usually completely covered. 

The rate of contraction of the collagen bundles (dot and dash line) varied in 
a similar way to that of the epithelium. Regeneration of collagen did not 
begin until about the 5th day and advanced very quickly (dash line) until 
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about the 9th day, when the fibres had met across the wound immediately 
beneath the epithelium. 

Mitosis appeared in the epithelium almost immediately after the operation, 
was active from Ist-9th day, and then, epithelialization being complete, 
diminished. The regenerating epidermis at first formed a thick ring just 
within the original margin of the wound, but as healing proceeded, though 
remaining thick at the periphery, it gradually spread out into a thin sheet 
towards the centre. When the epithelium had completely covered the wound 
it was still abnormally thick, but by the 14th day had become reduced to its 
normal depth and new hair follicles were beginning to develop. As late as 
the 50th day, however, it was still possible to distinguish between the original 
and regenerated epidermis. 

During the first 24 hours the wound became filled with fibrin which, with 
the neighbouring connective tissue, was rapidly infiltrated with leucocytes. 
On the 2nd and 3rd days the leucocytes were replaced by histiocytes, and 
these again by fibrocytes, which appeared about the 4th day, later becoming 
much more abundant in the superficial than in the deeper parts of the wound. 

The fibrin was not completely resorbed until about the 5th day, and its 
presence probably accounted for the latent period of four to five days before 
collagen regeneration began (Fig. 2). It was noted that no fibrin was deposited 
in any region which contained cut muscle fibres, and in such areas new collagen 
appeared as early as the 2nd day. 

The first new collagen fibres united the cut ends of the fibre bundles of 
the original collagen layer forming a deep collar encircling the wound (Fig. 5). 
Later fibres grew diagonally right across the wound filling the cavity by about 
the 9th day. 

When the panniculus carnosus was cut, its elastic fibres formed another 
much shallower ring round the deepest part of the wound (Fig. 4), but the 
fibres underwent no further change and did not regenerate during the period 
of observation (50 days). 

The contraction of the wound seemed to be due at least in part to the 
formation of these fibrous rings. Thus the-formation of the collagen collar 
coincided with that sudden decrease in the distance between the cut edges of 
ae old epithelium and old collagen which occurred about the 4th or 5th day 
(Fig. 2). 

In cases where the panniculus carnosus was cut (Fig. 6), during the early 
stages of healing the narrowest part of the wound was at this deep level, 
probably because here the contraction of the elastic ring was added to that of 
the collagen band. When this layer was intact, and there was therefore no 
elastic ring, the narrowest part of the wound was at the higher level of the 
original collagen layer (Fig. 7). 

In the later stages of healing, when collagen fibres had grown right across 
the wound, the constriction was always at the level of the original collagen 
layer, whether the panniculus carnosus had been cut or not, which suggested 
that the diagnonal pull of the transverse collagen fibres growing out of the 
old collagen layer was more effective than the concentric contraction of the 
elastic fibre ring. 

Collagen bundles of normal thickness were not produced in the wound for - 
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some time ; the superficial bundles were always thicker than the deep ones, 
which did not attain their normal diameter until about the 50th day. The 
regenerated collagen had not regained a completely normal appearance even 
by the 50th day, however, and the bundles in the scar were thinner than in 
the surrounding tissue, and were straight instead of undulating. Microscopic 
measurements gave the value of 27'2y for the thickness of the largest bundles 
of undisturbed collagen fibres, while for the first 17 days after operation the 
average thickness of the largest regenerated bundles was 13°7y for the 
superficial layers, and 8°ly for the deeper layers. 

Myocytes appeared in the wound at about the 8th day, but new muscle 
fibres were not detected before the 15th day. 


(b) Deep wounds. 


In four of the 15 rats used the wounds became infected (27 per cent.). 

The skin of the thigh where the deep wounds were made is thinner than 
that of the back and, possibly for this reason, healed much more quickly. 
A striking contraction occurred soon after the operation and regeneration of 
both epidermis and collagen was sometimes nearly complete by the 7th day. 
New hair follicles began to develop about the 21st day, and some were fully 
formed by the 30th day. Myocytes were first seen on the 11th day and new 
muscle fibres on the 14th. 


(c) Burns. 


In the burns, which were all of the third degree, the damage to the tissue 
varied in severity according to the distance of the cells from the site of injury ; 
in some regions the cells were affected directly by heat and elsewhere indirectly 
by obstruction in the circulation due to clotting of blood. 

The tissue killed outright by heat remained in situ until the 10th day, 
when it fell out and was replaced by a scab similar to that formed in superficial 
wounds. Contraction began about the 10th day, and by the 27th day epithelia- 
lization was complete. 

Eleven of the 36 burns (33 per cent.) became infected. Infection did not 
appear until the second week, when the central plug of necrotic tissue was 
sloughed, and usually cleared up during the next seven days. 

The same histological measurements were made as for the surgical wounds 
and the results are plotted in Fig. 3. The figure shows that the course of 
healing was very irregular in the burns, which may have been partly due to 
the rather high incidence of infection (33 per cent. in the burns as against 
1] per cent. in the superficial wounds). 

One noteworthy difference between the burns and the superficial wounds 
(cf. Figs. 2 and 3) was the sudden enlargement of the former soon after the 
operation, owing to the death of tissue damaged by conducted heat. A 
second, less marked expansion, followed the shedding of the necrotic centre. 

In histological preparations the epithelium surrounding the wound showed 
active mitosis, but being unable to spread over the necrotic centre it formed 
merely a thickened ring round the dead tissue. 

The necrotic plug was shed in the following way: Immediately after the 
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operation leucocytes began to infiltrate the margin of the wound, and a demar- 
cation zone full of white cells gradually formed between the living and dead 
tissue. This zone served as a cleavage plane between the living and necrotic 
material. Epithelium grew into the demarcation zone in both the horizontal 
and vertical planes, and at the same time the normal tissues beneath the 
burn pushed upwards and expelled the necrotic plug. 

Once the necrotic plug was sloughed, healing advanced rapidly. Epithelium 
invaded the wound surface and new collagen fibres began to develop in the 
cavity. Regeneration of collagen proceeded faster in the deeper parts of the 
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Fic. 3.—Histological measurements in burns. 
———— Percentage distance between cut edges of old epithelium. 
sheath sea os + edges of regenerated epithelium. 


—— . —— es ” cut edges of old collagen bundles. 


_—— — ; ‘3 edges of regenerated collagen. 


The average figure for the distance obtained on the first day after operation is taken 
as 100 per cent. 


wound, which were filled with fibres by the 14th day, than in the superficial 
parts, where it was not complete until about the 42nd day. 

The elastic fibres did not regenerate during the period studied (60 days). 

The blood vessels near the burn became blocked with clotted blood. In 
the larger vessels these clots were later reorganized and circulation was often 
re-established. A collateral circulation was formed round the necrotic area 
by the sprouting of capillaries, and new vessels grew into the wound with the 
collagen fibres. 

Some of the muscle fibres were killed outright and others, indirectly affected 
by conducted heat, degenerated during the first 24 hours. Until the central 
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plug was extruded, muscle regeneration was restricted to the periphery of the 
burn, and myocytes were scanty until about the 16th day, when they multiplied 
actively by cell division. Regenerated muscle fibres were found on the 21st 
day. 

DISCUSSION. 


With a few exceptions (Wolbach, 1933 ; Wolbach and Howe, 1926; Lanman 
and Ingalls, 1937 ; Puestow, Poncher and Hammatt, 1938 ; Escarras and Paillas, 
1938; and the earlier work of Loeb’s school), most of the observations on 
experimental wounds have been macroscopic only, and the usual criterion of 
healing has been the covering of the surface with new epidermis. The rate of 
epithelialization certainly provides some measure of the effectiveness of a 
healing substance on epithelial regeneration, but it gives no real clue as to 
how the substance acts or how it affects other tissues. 

Measurements of the wound area during life correspond fairly well with 
microscopic measurements of the distance between the cut edges of the 
epithelium, if due allowance is made for the differences in method. Scab- 
formation, particularly in burns, seriously impairs the accuracy of surface 
measurements, and in experiments on small animals it is futile to try to plot 
the area covered by regenerated epithelium for this reason. Moreover, such 
measurements may give rise to grossly misleading results. The authors 
observed a striking example of this in animals fed on an experimental diet, in 
which the epithelium grew over the wound at the normal rate, although, as 
shown by histological preparations, the underlying connective tissue had 


hardly regenerated at all. A most unsatisfactory scar had therefore been 
formed, but this could not be detected macroscopically owing to the normal 
epithelialization. 

It is interesting that while epithelial regeneration begins almost at once, 
there is a five-day lag in the repair of connective tissue. The latent period 
for muscular regeneration is even longer, since the first myocytes are seen in 
the skin muscle after seven days and in skeletal muscle after ten days. 


SUMMARY. 


1. A technique for the production of standard wounds in rats is described. 
Three types of wound were made: (a) superficial wounds, (b) deep wounds, 
and (c) burns. 

2. The histological changes which occur in such wounds during healing 
are described, and measurements of the rate of epithelial and connective tissue 
regeneration are given. 
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collie. 


r.coll. f. 


Fig. 5 (a). 


Abbreviations.—c.m, cut muscle; m. muscle; coll.c. collagen collar; o.coll. old collagen ; 
e.f. elastic fibres ; r.coll.f. regenerated collagen fibres ; ep. epithelium ; s. scab. 

Fic. 4.—Horizontal section through the edge of a superficial wound on the day after operation 
showing part of the ring of elastic fibres. Weigert’s stain for elastic fibres. x 275. 

Fic. 5.—(a) Horizontal section through a superficial wound 5 days after operation, showing 
the ring of collagen fibres round the edge. Azan. x 40. (b) Part of the collagen collar 
~cen in Fig. 2a shown under higher magnification. Azan. « 150. 


Dann, Gliicksmann and Tansley. 
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Fig. 6, 
Fig. 6.—Vertical section through a superficial wound in which the panniculus carnosus was 


cut, five days after operation. The white dotted line gives the rough outline of the edge 
of the wound, showing that the narrowest part is at the bottom, Azan. x 40. 


o.coll. 


r.coll.f. 


Fic. 7. 


1G. 7.—Vertical section through a superficial wound in which the panniculus was not cut, 
seven days after operation. The narrowest part of this wound is halfway down. Azan. 
40. 


Dann, Gliicksmann and Tansley. 
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Tuts paper is one of a series of histological studies on experimental wounds, 


the first of which was published by Dann, Gliicksmann and Tansley (1941), 
and is concerned with the blood vessels of experimental wounds as revealed 
by injection methods. 


_ MATERIALS AND METHODS. 

The stock of experimental rats and the surgical methods used to make 
the wounds were the same as those described by Dann, Gliicksmann and 
Tansley. These authors made three types of experimental wounds: super- 
ficial, deep and third degree burns. The present work relates mainly to 
burns which were standardized as far as possible by methods described below 
in the section on quantitative treatment. The following descriptions all refer 
to wounds involving the panniculus carnosus. 


Injection methods. 

The injection material was the mixture of commercial indian ink, gelatine 
and water recommended by Krogh (1929) and used by workers on the vascu- 
larity of the brain (Craigie, 1921). A stock solution of gelatine in water was 
prepared which when melted was mixed with an equal volume of indian ink ; 
the whole was then diluted with water to twice its volume. The injection 
material was kept warm on a water-bath, together with a solution of 0°75 per 
cent. saline, which was used to wash the blood from the vessels before injection. 

The animal was deeply anaesthetized with ether and the thorax opened. 
The right auricle was slit and saline injected through the left ventricle with a 
10 c.c. syringe with a coarse needle. A small rubber stopper was impaled on 

* Sir Halley Stewart Research Fellows. 
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the needle about } in. from the point, so that during injection the stopper 
could be pressed against the heart and thus prevent spurting of the fluid. 
Saline was injected until the fluid issuing from the great veins was almost 
colourless. The ink mixture was then forced into the vessels, 30-40 c.c. 
being usually sufficient for a 9-18 months rat. In all, 84 surgical wounds 
and burns were injected by this method. 

The abdominal wall was slit open and the whole animal was immersed in 
5 per cent. formol for 24 hours, after which the wound was excised. If the 
wound were deeper than the skin, the skin and underlying tissue were removed 
separately. The excised tissue was washed in distilled water for 24 hours and 
then gradually dehydrated, being left at least four hours in each grade of 
alcohol. From absolute alcohol it was transferred to benzene and finally to 
oil of wintergreen. 

The cleared tissue was examined with a binocular dissecting microscope 
at magnifications of 10-30 diameters. Stereoscopic photographs were made 
of many of these preparations, which were then sectioned in a desired transverse 
plane marked on the photographs ; the photographs could thus be studied in 
relation to the histological sections. The sections were cut at 30y and lightly 
stained with Pappenheim’s stain, which did not obscure the injection. 


THE BLOOD VESSELS OF THE NORMAL RAT SKIN. 


The main arteries and veins of the skin (referred to below as the Ist vascular 
layer), which often run parallel to each other, lie on the upper surface of the 
panniculus carnosus and give off branches above and below this level. The 
upper branches, which run obliquely through the dermis, form extremely 
fine capillary loops immediately beneath the Malpighian layer and other 
capillaries investing the hair bulbs. The lower branches supply the panni- 
culus itself and consist of parallel capillaries running between the muscle-fibres. 

A few vessels run immediately beneath the panniculus (2nd vascular layer), 
but in normal skin they are much less prominent than those on the upper surface 
of the panniculus. : 

The superficial fascia is bounded by a very interesting layer of vessels (3rd 
vascular layer). They have an extremely wavy form, and are connected with 
both the cutaneous vessels proper and the scanty vessels of the superficial 
fascia. Their undulating structure is presumably to allow of that extension 
and contraction which the constant movement between the skin and under- 
lying tissue would necessitate in life. These vessels play an important part in 
vascular regeneration. 


THE BLOOD VESSELS OF HEALING WOUNDS. 

General.—The first reaction to be seen in the cleared preparation is dilation 
of the capillaries immediately surrounding the injury. This is best shown 
by the most superficial capillaries, which are normally of very small calibre. 
In deep wounds where underlying muscle has been damaged, hyperaemia 
of the skin vessels is extreme. 

After a few days, in both surgical wounds and burns, the dilated vessels 
which have been interrupted by the injury unite transversely with each other 
to form continuous loops. In the burns the necrotic area is demarcated from 
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the uninjured tissue by the frontier of the injection, beyond which the vessels 
are filled with clotted blood instead of ink. ‘ 

In both wounds and burns, the formation of new vessels in the superficial 
parts of the injury begins at the same time as the regeneration of fibrous 
tissue, viz. on the 4th or 5th day in the surgical wounds and about the 10th 
day in burns, when the necrotic plug has been shed. It appears that new 
vessels are very often formed near an existing arteriole or small artery, 
indicating that vascularization is promoted by the richer blood supply. 

The newly formed vessels develop from the three layers described above, 
the first growing out from the vascular plexus on the surface of the panniculus 
(layer 1), the second from that immediately below the panniculus (layer 2), 
and the third from the wavy vessels between the skin and superficial fascia 
(layer 3) (Figs. 1; 2 and 6). 

The first and second layers merge at the cut edge of the panniculus car- 
nosus. As described by Dann, Gliicksmann and Tansley, in superficial wounds 
the contraction causes the cut edge of the panniculus to bend towards the 
surface (Fig. 8). This upward bending shuts off the first vessel layer from 
the main cavity of the wound and thus heightens the functional importance 
of the other vessel layers. The hypertrophy of the second vessel layer is pre- 
sumably in response to this. 

A thick, vascular network gradually grows into the wound from the cut 
edges of the panniculus. The advancing margin of the network is particularly 
dense, and consists of pointed capillary sprouts like those typical of the develop- 
ing vascular system of an early embryo (Figs. 1 and 2). Main vessels differen- 
tiate in the newly formed plexus, and connect with the original arteries and 
veins in much the same way as in the embryo. 

The new vessels seldom advance towards the centre of the wound in a 
regular and ‘concentric way, usually owing to the intervention of the third 
vessel layer, from which a sheet of delicate, wavy vessels often but not invari- 
ably grows into the deeper parts of the wound. In burns this deep vasculari- 
zation frequently occurs while the necrotic plug is still present and before new 
vessels have appeared in the superficial regions ; the condition is common 
6-7 days after cauterization (Fig. 6). 

This single, deep layer of wavy vessels gradually develops into a compact, 
multi-layered network similar to that formed by the more superficial vascular 
layers. This new deep network may at first be quite isolated from the more 
superficial vessels round the edges of the wound. 

The different areas of vascular tissue continue to spread until they finally 
fuse. If the network has advanced evenly into the wound from the super- 
ficial layers only, the point of closure is central (Fig. 4), but if the wound has 
been partly vascularized from below, as described above, the point of closure 
iseccentric. The superficial surgical wounds are completely covered vessels by 
by the 6th or 7th day, that is two or three days before epithelialization is 
complete or the collagen fibres have met across the wound. 

The burns are fully vascularized after 12-16 days according to the size of 
the burn. In the superficial part of the burn both epithelialization and fibre- 
formation lag far behind vascularization, but in the deeper parts the vessels 
of the third vascular layer and the collagen fibres grow into the burn together. 
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In one series of superficial surgical wounds, the effect of mild disturbance 
of the regenerating vessels was tested by daily removal of the scab after 
operation. This treatment was expected to retard the healing process some- 
what, but the only difference observed between experimental and control 
wounds was a marked hyperaemia of the newly formed vessels in the former 
(Fig..5). This condition was due to the severe infection of the disturbed 
wounds. 

Histological observations.—In sections of superficial wounds or burns after 
injection the vascularized tissue is sharply demarcated from the previously 
formed non-vascular tissue (Fig. 9). Above the zone of blood vessels are com- 
pact, parallel layers of elongated fibrocytes. The vascular zone itself consists 
of denser tissue and the vessels are closely surrounded by rather rounded 
fibrocytes, which are presumably differentiating into the endothelium of the 
advancing capillaries. 

The wavy vessels which, as described above, often grow into the deeper 
part of the wound, are embedded in particularly dense and compact tissue, 
the perivascular cells being almost without intercellular spaces (Fig. 7). 

Later, when the advancing vascular networks are separated by narrow 
spaces only, they are less sharply demarcated from their surroundings and the 
intervascular tissue is less dense. Some of the vessels are beginning to differen- 
tiate at this stage ; vessels encompass the zone of regenerating muscle, and 
between the new fibres capillaries-are taking up the parallel arrangement 
characteristic of the normal panniculus. Vascularization, however, is not 
yet as dense as in the uninjured panniculus. 

At the stage when the wound or burn is completely covered by vessels, 
the superficial part of the injury is filled by a more or less homogeneous vas- 
cularized tissue in which the vessels are mostly vertical to the surface. The 
fibres and fibrocytes, on the other hand, lie horizontally, so that an interlacing 
arrangement of the different histological elements is formed. This is particu- 
larly marked in the superficial surgical wounds (Fig. 5). 





EXPLANATION OF PLATE. 

Fic. 1.—An injection of a five-day superficial wound, x 8-3. To the left are new vessels from 

the upper vessel layers; elsewhere in the wound, the vessels come from the deep layer. 

Fig. 2.—An injection of a 14-day burn, x 7-3. A large vessel sheet from the deep vessel 
layer is beginning to form a dense plexus. The superficial vessel layers have made little 
contribution to filling the wound. 

Fig. 3.—An injection of a ten-day burn, treated with epicutan, x 6°5 The wound is being 
vascularized from the upper vessel layers. The line indicates the plane of section of Fig. 9. 

Fic. 4.—An injection of a 14-day burn, treated with epicutan, x 7-5. The wound is being 
vascularized concentrically from the upper vessel layers and the process is nearly complete. 
The line indicates the plane of section of Fig. 8. 

Fic. 5.—Section through an eight-day superficial wound, fully vascularized, x 124. The 

vessels are much dilated as a result of disturbance from the regular removal of the scab. 

Fic. 6.—Part of an injection of a seven-day burn, treated with epicutan, x 16-2, showing the 
characteristic appearance of the deep, wavy vessel layer. The line indicates the plane of 
section of Fig, 7. ; 

Fic. 7.—Section through the seven-day burn seen in Fig. 6, x 156. The section shows the 

dense aggregation of cells surrounding the vessels. 

Fic. 8.—Section through the 14-day burn seen in Fig. 4, in the plane of section there indicated, 
x 60. The section shows the oblique course of the regenerating panniculus carnosus, and 
the loose arrangement of the vessels in the later stages of healing. 

Fic. 9.—Section through the ten-day burn seen in Fig. 3, in the plane of section there indicated, 
x 152. The section shows the compact nature of the vascular zone well marked off from 
the surrounding fibrocytes. 
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QUANTITATIVE MEASUREMENTS. 
Untreated burns.—Burns were chosen for quantitative measurements as 
they heal more slowly than the superficial wounds and thus provide a longer 


time scale for the curve of healing. 
The area not yet covered by vessels was measured in injected burns either 


from photographs or from a drawing made on squared paper with a ruled 
grid in the microscope eye-piece. The areas were measured by means of a 


planimeter. 
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Fie. 10.—Area of burns uncovered by blood vessels plotted against time after operation. 
Curve 1 refers to burns standardized by the method described in the text. 


(1) Small burns, untreated. 
(2) Larger burns, untreated. 
— -—g— -— (3) Larger burns, treated with “ epicutan.” 


For these estimations only the dense type of vessel plexus was included ; 
the early single-layered islands of wavy vessels were not counted because they 
do not represent the same volume of new tissue formed per unit area as they 
do later when they have developed into a dense plexus. 

The first series of estimations was made on burns produced by contact 
with an electric soldering iron for 20 seconds. The area of these fairly large 
burns, as measured on the living animal on the day following operation, was 
variable, and in two specimens varied from 111 to 377 sq. mm., with an average 
of 244 sq. mm. The areas of these burns are plotted in Curve 2 of Fig. 10, 
the curves giving the average value at different stages of healing. The scatter 
of the points is only partly due to the variation in size of the newly made burns, 
as after eleven days the area still uncovered by vessels bears little relation to 
the original size of the wound. 

To eliminate as far as possible the scatter due to variation in the original 
size of the injury, a series of burns of uniform area was made in the following 
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way: The bit of the soldering iron was replaced by a cylindrical copper rod 
presenting a flat circular area of 50 sq. mm. to the skin. The cauterizing 
surface was kept clean between operations. Both the time and temperature 
of application was very carefully standardized. Under these conditions tem- 
peratures of 90°—100° (:. were recorded in the skin immediately underneath the 
cautery by means of a thermo-couple, for which we are indebted to Dr. D. BE. 
Lea. Most of the burns were made by cauterizing at this temperature for 
a period of 8 seconds. If this time was reduced to 6 seconds the burn did not 
always extend to the panniculus carnosus. Curve 1, Fig. 10, refers to 8- 
second burns made under these conditions ; the scatter of individual points 
has been reduced but is still considerable. 

The effect of epicutan on the rate of vascularization.—A series of the larger 
unstandardized burns was treated with epicutan, which was dusted on the 
burn immediately after cauterization and then at 2-day intervals until the 
animal was killed. The average results are shown in Curve 3, for which 
Curve 2 is the control. 

Although the number of observations are not sufficient for the application 
of statistical measures, these results indicate that the vascularization of the 
treated burns was two days ahead of that of the controls during the period 
of rapid healing. 

DISCUSSION. 

The chief purpose of this preliminary paper is to demonstrate the value of 
the injection technique in the study of experimental wound-healing. It is a 
more rapid method of assessing healing than the preparation of histological 
sections, and it also gives a complete picture of the whole wound, which is 
otherwise difficult to obtain. The latter advantage should be especially 
important in studying large experimental wounds. 

The method is, of course, inapplicable to biopsy material, but even here 
it is likely that the blood vessels in the granulating areas might be reveaied 
by total preparations stained selectively for haemoglobin. 

The quantitative methods which have been described seem to provide a 
useful adjunct to the histological measurements made by Dann, Gliicksmann 
and Tansley in assessing the effect of different substances on healing. 


SUMMARY. 
1. The technique for the preparation of cleared injections of experimental 


wounds is described. 
2. The chief features seen in such preparations of different types of wounds 


are reported. 
3. The use of such preparations in the estimation of the effects of different 


substances on wound-healing is suggested. 
The technical assistance was supplied by a grant made to the Strangeways 
Laboratory by the Royal Society. 
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ALLEN (1939) has shown that if a tourniquet is tied around the limbs of 
arat and the tourniquet left in position for several hours, subsequent release 
of the tourniquet results in the development of typical symptoms of shock 
in the animal. Recovery of the rat depends on the extent of tissue in which 
the circulation of blood has been impeded or prevented by the application of the 
tourniquet. The greater the amount of tissue which suffers in this way 
the greater the likelihood of death of the animal after release of the tourniquet. 

-. These interesting observations have been confirmed by us, and in view 
of the importance attaching to work bearing on the causation and treatment 
of shock we decided to investigate some of the biochemical changes taking 
place in the injured tissue. It seemed conceivable that certain substances 
may be elaborated under the abnormal metabolic conditions taking place in 
the injured tissue, which, on entering into the general circulation, may play 
some part in the development of the condition of shock. 

This investigation is still in a preliminary state, but owing to the fact 
that one of us must now necessarily leave the work we have thought it worth 
while to give a brief account of our findings so far. 

The most obvious chemical event following the application of a tourniquet 
to the limb of an animal is the development of profound anoxaemia, and hence 
of a condition of anaerobiosis, in the tissues of the limb in question. Tissue 
metabolism undergoes many changes on a transference from aerobic to 
anaerobic conditions, and the problem confronting us was to determine whether 
any of these changes might have some bearing on the development of shock. 
Many factors are now known to contribute to this pathologic al condition ; 
McDowall (1940) gives a summary of these, but little is known as yet of any 
specific chemical factors involved. In seeking such factors we decided to 
investigate whether any substance is elaborated in the injured limb which may 
affect the rate of coagulation of blood, it being known that in shock following 
haemorrhage there is an increased rate of blood coagulation. 

Tissue extracts, as is well known, may greatly accelerate the rate of coagu- 
lation of blood. An extract, however, of the muscle of a limb rendered 
anoxaemic by application of a tourniquet brings about the clotting of blood 
at a much more rapid rate than an extract of normal healthy muscle. The 
experiment is carried out by tying a tourniquet around one hind limb of a white 
albino rat, as high above the knee as possible, and leaving the animal in this 
condition for 17 hours. The animal is killed before releasing the tourniquet, 
and the muscles of the two hind limbs—one, healthy and the other injured by 
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the anoxaemia—are dissected and weighed. Extracts of these muscles are 
made by grinding them with sand in normal saline (1 g. tissue to 2 ml. saline), 
After centrifuging, the cell free centrifugates are compared for their accelerating 
effects on the rate of clotting of heparinized plasma or of a fibrinogen-pro- 
thrombin-Ca” mixture.* A typical result is as follows (Table I) : 


TABLE I. 


Coagulation time at 40° in Coagulation time at 40° in 
minutes of 0-5 ml. of minutes of 2 ml. of a 
Extract added. heparinized human blood fibrinogen-prothrombin-Ca’ 
plasma. mixture. 
0-2 ml. extract of muscle of 


normal leg . : . 8 ; 30 
0-2 ml. extract of muscle of 

leg rendered anoxaemic 

for 17 hours. 


This result would indicate that in a muscle rendered anoxaemic for some 
hours by the application of a tourniquet there is either a more rapid elaboration 
of a thrombokinase (or of a substance having similar properties to this) than 
in normal muscle, or that the thrombokinase is more easily extractable in the 
former case. 

This finding was followed by an examination of the thrombokinase activities 
of media in which rat tissue slices had been allowed to incubate under aerobic 
and anaerobic conditions. Thin slices of freshly obtained organs (brain, 
liver, kidney, skeletal muscle, diaphragm) were placed in a bicarbonate (-025M/)- 
glucose-Locke medium, and allowed to incubate with shaking (in the Warburg 
apparatus) at 37° for 2 hours in an atmosphere of either 95 per cent. O, + 5 per 
cent. CO, or 95 per cent. N, + 5 per cent. CO,. The slices were then removed, 
dried and weighed. The media from which the slices were taken were centri- 
fuged and the clear centrifugatest compared as to their accelerating effects on 
the rate of clotting of either heparinized plasma or of a fibrinogen-prothrombin- 
calcium mixture. We found that the rate of clotting was invariably greater in 
the presence of the medium in which anaerobic incubation had been carried 
out than in the presence of the same quantity of the medium where aerobic 
conditions had prevailed. Typical results are as follows (Table IT) : 


TaBLE I].—Coagulation Time at 40° in Minutes of 2 ml. Fibrinogen-Prothrombin- 
Ca” Mixture after Addition of 0-2 ml. Centrifuged Medium. 


Brain. Liver. Kidney. Diaphragm. Leg muscle. 
Slices incubated aerobi- 


cally i ; ‘ 32 19 " 20 : 26 > 23 
Slices incubated anaero- 
bically . ' 7 | ss 17 , 16 


* Clotting will not occur in the absence of Ca”. 
t+ Volumes were taken corresponding to equal weights of slices. 
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The results are of interest in showing that a substance, important in the 
kinetics of blood coagulation, is produced with greater ease from tissues when 
these are incubated under anaerobic conditions than when incubation occurs 
aerobically. The findings may be considered to be in harmony with the result 
already described with muscle made anoxaemic in vivo by interference with 
the blood supply by application of a tourniquet. 

These observations probably have a real bearing on the question of the 
rate of blood coagulation following haemorrhage and shock. 


Our thanks are due to the Medical Research Council for a grant in aid of 
the equipment of this laboratory, and to the Ella Sachs Plotz Foundation for a 
grant for the provision of animals. 
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Since the introduction of the Van den Bergh and Snapper (1913) diazo 
reaction for the recognition and estimation of bilirubin in blood serum or 
plasma, several methods have been proposed to overcome the practical diffi- 
culties encountered by the adsorption of the direct reacting bilirubin on the 
protein precipitate during the performance of the quantitative indirect pro- 
cedure which employs absolute alcohol for the extraction of the bilirubin and 
precipitation of the serum proteins. With sera giving a prompt direct reaction 
the loss may be considerable, the protein precipitate being coloured a bright 
yellow. : 

This difficulty has been partly circumvented by Thannhauser and Andersen 
(1921) in that the diazo reagent is first allowed to react fully with the test 
serum, after which alcohol and ammonium sulphate are added. After mixing 
and centrifuging, the azo-bilirubin is transferred to the alcoholic supernatant 
fluid. However, some of the azo-bilirubin is again adsorbed on the albu- 
minous precipitate, the amount varying with the concentration of direct 
reacting pigment. In addition, the supernatant fluid is often slightly opales- 
. thus making dilution colorimetry or colorimetric comparison somewhat 
difficult. 

9 
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An investigation into the pH and alcoholic concentration governing the 
diazo reaction revealed that a solution to the problem was possible by prevent- 
ing entirely the formation of a protein precipitate, while an improvement in 
the colour-tone of the azo-bilirubin also ensues by choice of the selected 
proportions and sequence of reagents. 

The new diazo method is not so delicate as the Thannhauser-Andersen 
technique for the determination of small amounts of indirect bilirubin in 
normal sera, the lower limit of quantitative comparison with the present 
method being of the order of 1 unit (0-5 mg. bilirubin per 100 c.c.) as com- 
pared against the Thannhauser process of 0-5 unit. 

The azo-bilirubin estimations have been determined from serum only, and 
the colorimetric comparisons made against the original iron rhodanate ethereal 
standard of Van den Bergh (1918), the cobaltous sulphate solution being some- 
what unsuitable for colorimetric work, although it can be employed for the 
dilution colorimetry technique. 

A large number of tests have been advanced for the detection of biliary 
pigments in the urine, some of which are distinctly unsatisfactory, being 
subject to numerous limitations in the recognition of impairment of liver 
function. There would still seem, therefore, to be a place for a method which 
would overcome the chief sources of error inherent in many methods of the 

ast. 

j The method which is about to be described here resembles the Van den 
Bergh indirect technique in that the same diazo reagent of Ehrlich (1883) is 
employed. It is wholly dissimilar in principle, however, in that the bilirubin 
is quantitatively removed from the urine by a selective precipitation and 
adsorption with barium acetate and sodium sulphate at pH 6-0, the normal 
urinary pigments being practically all removed in the supernatant fluid after 
centrifuging. The precipitate is washed twice with the barium acetate mixture 
and the supernatant fluids rejected, after which the azo-bilirubin is formed by 
treatment with ethyl alcohol and the diazo reagent. When the maximum 
colour has developed the extract is finally purified from traces of interfering 
urinary pigments by treatment with chloroform and ammonium sulphate, the 
addition of the latter being to adjust the colour-tone and facilitate extraction 
of the azo-bilirubin in the alcoholic-chloroform mixture. 

Quantitative comparison is made by dilution colorimetry against the ether 
ferric thiocyanate standard in cordite tubes of uniform bore. 


REAGENTS AND APPARATUS. 


The reagents and apparatus required for the methods are : 
1. Van den Bergh-Ehrlich diazo reagent— 

(A) 1 g. of sulphanilic ‘acid, 150 c.c. of normal hydrochloric acid, and 

water to 1000 c.c. 
(B) 0-5 per cent. sodium nitrite. 
The reagent is made prior to the test by mixing 10 c.c. of A to 
0-3 c.c. of B. 

2. 25 per cent., 31 per cent., and 75 per cent. (by volume) ethyl alcohol. 
3. Iron rhodanate ethereal standard. 
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(aA) Stock solution : 


Iron ammonium alum . ; ; ‘ . 0-151 g. 
Concentrated hydrochloric acid . ‘ ; . 80... 
Distilled water . ; ‘ ‘ . , . to 100 c.c. 


(B) Standard solution : 
Stock standard ‘ ‘ . ‘ , . 0c... 
Concentrated hydrochloric acid . , : . 26e.c. 
Distilled water . ‘ : ‘ ‘ ; . to 250 c.c. 


(c) 20 per cent. potassium thiocyanate : 
Mix vigorously in a glass-stoppered cylinder— . 
3 c.c. standard solution. 
3 c.c. potassium thiocyanate. 
12 c.c. “ analar.”’ ether. 
The ethereal extract corresponds to 1 Van den Bergh unit, or 
1 in 200,000 dilution of azo-bilirubin (0°5 mg. per 100 c.c.). 
. “ Analar”’ ether (B.D.H.). 
5. Special cordite tubes of uniform bore, graduated in 1/10 c.c. and of 
5 c.c. capacity (diameter 1 cm., length 12-5 cm.). 
}. 6-0 per cent. anhydrous sodium sulphate. ; 
. Barium acetate solution of pH 6-0. 

To every 100 c.c. of a clear fully saturated solution of barium 
hydroxide add 4-5 c.c. of 50 per cent. (by volume) acetic acid. The 
pH is then checked by one of the rapid methods, the B.D.H. Lovibond 
process being employed with the present investigation, using brom- 
cresol purple as indicator. If not exactly pH 6-0 adjustment is made 
to that pH by the addition of small amounts of the acetic acid or 
barium hydroxide as required. 

. 10 per cent. (by volume) acetic acid. 
9. Saturated aqueous solution of ammonium sulphate. 
. “ Analar”’ chloroform. 


METHODS. 
Estimation of Bilirubin in Blood Serum. 


Micro procedure (dilution colorimetry). 

Into one of the special tubes pipette 0-2 c.c. of serum (free from haemolysis). 
Add 0-2 ¢.c. of diazo reagent followed by 1-6 c.c. of 31 per cent. alcohol. After 
mixing well the tube is placed in a beaker of water at 40° C. for exactly 15 
minutes. Cool very thoroughly in running water and compare the azo- 
bilirubin so formed against 2 c.c. of the ethereal ferric thiocyanate standard 
in a similar tube. The standard or unknown is diluted with ether or 25 per 
cent. alcohol respectively until the colours match. 

Calculation : 


Volume of test solution in c.c. 
Volume of standard in c.c. 
units of bilirubin per 100 c.c. of serum. 


x Strength of standard (10 units) equals 
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Macro procedure (colorimetric) : 


One c.c. of diazo reagent is added to 1 c.c. of serum in a test tube. 8 c.c. 
of 31 per cent. alcohol is added, and after mixing well, the tube is heated in 
the water bath at 40° C. for 15 minutes. After thorough cooling in running 
water the azo-bilirubin is compared colorimetrically against the ferric thio- 
cyanate standard. 

Calculation : 

Standard 


a x 10-0 equals units of bilirubin per 100 c.c. serum. 


For normal sera, or when the hyperbilirubinaemia is slight, half strength 
ether standard can be used (1-5 ¢.c. iron alum, 1-5 ¢.c. potassium thiocyanate, 
12. c.c. ether), whereas with marked hyperbilirubinaemia a double standard 
may be employed to advantage (6 c.c. iron, 6 c.c. thiocyanate, 12 c.c. ether). 

The above methods can be applied to other body fluids, such as C.S.F., 
transudates, exudates, etc., any fibrin coagulum being first removed by 
centrifuge. 

It should be noted that the occurrence of haemolysis in a serum renders 
the new technique useless, it being impossible to match the colours of standard 
and test solution. 

A series of comparative results using the Thannhauser-Andersen technique 
and the present method on samples selected from special types of jaundice 
is compiled in the table below. The figures represent units of bilirubin per 
100 c.c. of serum. 

Comparison of the micro and-macro procedures shows that the former 
technique gives lower results than the latter method with sera containing 
small amounts of bilirubin. This is becausé slight differences of colour-tone 
are much more apparent with the colorimetric method by reason of the varying 
depth of comparison as compared with the dilution colorimetry technique, 
where a uniform depth of colour is obtained by nature of the standard bore 
of the cordite tubes. The greater the increase of azo-bilirubin the smaller is 
the effect of the differences in colour-tint in the colorimeter, so that the higher 
values for bilirubin show very close correspondence. 

For small amounts of bilirubin, therefore, the micro dilution method or 
the Thannhauser-Andersen technique is to be preferred to the colorimetric 
procedure. 


Determination of Bilirubin in Urine (Dilution Colorimetry). 


The urine, if not naturally acid, is made slightly acid to litmus (approxi- 
mately pH 6-0) with a few drops of 10 per cent. acetic acid. Into a centrifuge 
tube measure | to 5 c.c. of urine depending on the approximate amount of 
bilirubin present by naked-eye observation. Add 0:2 c.c. of 6-0 per cent. sodium 
sulphate if 1 c.c. of urine is taken, 0-1 c.c. of sulphate if 2 of 3 c.c. of urine is 
used, and 0-05 c.c. for 5 c.c. of urine. Add 10 c.c. of barium acetate mixture 
and mix well. Allow to stand for 2-3 minutes and then centrifuge at high 
speed for a few minutes. Decant the supernatant fluid and tap the tube 





Z 
_ 
oe 
=) 
Q 
Z 
< 
= 
jo) 
° 
= 
ma) 
Z 
—_ 


DETERMINATION OF BILIRUBIN 


SAN dH 


. . 


DADAM HOROOY 


DBOwvowHnmnonoeooocec 
fo) 


qood1puy 


qoorIp oyeTpouUUT 
qoourpuy 
qoorrp poAefoq, 
oiseydig 
oiseydiq Su0lyg 


\ JOoIIp 9}VTPOWUWT 


omseydig 
orseydiq eo 
qoortp poArjoqd 


ee 


“ce 


qoorIpuy 


“Uu0IqoROI 
yo od Aq, 
—————_—_— 


‘onbruyoo, ySidg usp UA [BUISIGQ 


= 
— 


amon 
uw tr + 


HAOMOODMHAHHOM 


. 


DdDMHOWMMS 
N = 


. 


+ 


N 
N Hud & Ww 


NODDa MDa OOSCOCSO 
N 
or) 


cooocooontooooo 
Omowontsnansoocococeoeo 


= ON 
Oo 
_ 


oD OH 
MN oD oF 


+o oc OM 
as = 
Nom OD 
a 


— 
Le 


8:0 
‘OLIyoULIO}OD §=—- “ A1goUA OOo 


O10e I o10T 
Se ———_ 


4 


*poyzoul OzeIp MON 


*‘poyyoul uesiopuy 
pue iosnequueyy, 


. ce ‘ce 


. “ce ce 


* svoroued euoulie) 
QSBESIP S[IOM 
(pesouserp you) eoypanes 
Cg IX*ZZ 

eg x'oT =“ = 

cerx'IT =“ 2 

ge° rs 

cg Ix'g 2 & 
eg Ix'] eorpunel peqiiezep 

erulevue 

o1yAjomoey pue JOAT] JO sIsoyLIty) 
; Aydoye moped aanoeqng 
(ewoutoieo Areutid) Joaty] posrepuy 
(‘0°90 OOT 10d “Bul ZOZ vain poo[g) 
syjuou g Aouvuselg 
’ *  WINJes 9810] 
uoIsnye [ene gq 
‘TSO ‘osvysIowoey pe1qe10—) 


‘asvo Jo od Ay, 


‘wadvg ywuasaly ay) Ut paplovayy spoyyapy 2y} 
pun anbwuyoay, uasvapup-sasnnyuuny [, 24) ‘sse001g ybsag uap uv yourhiig ay) fo synsay ay} burysp4yuog—y] aI14aV J, 





22 L. D. SCOTT. 


vigorously with the finger to break up the precipitate. Add 2 c.c. of water 
and again mix thoroughly to obtain an even emulsion of precipitate free from 
lumps. Eight c.c. of barium acetate are added, and after mixing the tube is 
again centrifuged. The supernatant fluid is removed and the precipitate 
washed a second time as detailed above. Finally, the barium sulphate- 
bilirubin precipitate is suspended in 0-5 c.c. of water, taking care that a homo- 
geneous emulsion is obtained. Two c.c. of absolute alcohol is added, and after 
mixing, 1 c.c. of diazo reagent. Mix again, and allow the colour to develop 
for 1-2 minutes, then add 1 c.c. of saturated ammonium sulphate. Shake the 
tube thoroughly and finally add 2 c.c. of chloroform. The tube is now stoppered 
and vigorously shaken for 1 minute to ensure complete extraction and purifi- 
cation of azo-bilirubin. After centrifugalization the upper aqueous layer is 
pipetted off and the alcohol-chloroform mixture containing the azo-bilirubin 
in a volume of 4 c.c. is filtered through a No. 1 Whatman 5-5 cm. paper. Com- 
parison is made against the iron rhodanate ether standard of 1 unit strength, 
using 2 c.c. of standard solution against 2 c.c. of the azo-bilirubin extract, in 
the special cordite tubes of uniform bore for colorimetry. The standard or 
test extracts are diluted with ether or 75 per cent. alcohol respectively until 
the colours match. 
Calculation : 
Vol. of chloroform- 
alcohol extract in 

Unknown: Vol. in c.c. C.¢., Le. 4 ¢.c. 
Standard: Vol. inc.c. Amount of urine used. 








x Strength of standard (1 unit) 


equals units of bilirubin per 100 c.c. of urine. 

To convert to mgs. per 100 c.c. multiply the result in units by 0-5. 

With very small quantities of bilirubin 10 to 25 c.c. of urine can be used 
plus 10 to 25 c.c. of barium acetate mixture. The addition of sodium sulphate 
is not required. After centrifuging the precipitate is treated exactly as 
described above. Using 25 c.c. of urine an estimation can be obtained corre- 
sponding to a dilution of 1 in 5,000,000 of bilirubin in urine, i.e. 0-02 mg. 
per 100 c.c. 

If the bilirubin determination exceeds 5 units (the saturation point of the 
alcoholic-chloroform mixture with azo-bilirubin) the test should be repeated, 
using that quantity of urine necessary to bring the amount of bilirubin within 
the range of the colour producing reagents. 

It is necessary to emphasize the importance of using only fresh samples 
for analysis. Quantitative examination demonstrates the unstable nature 
of small amounts of bilirubin when the urine has remained at room temperature 
for several hours, a loss of nearly 50 per cent. being sometimes encountered 
with warm temperatures. Also the azo-bilirubin produced from the remaining 
bilirubin present, on extraction by the alcohol-chloroform mixture, loses to 
some extent the brightness of colour-tone which is characteristic from a fresh 
specimen. 

The results of the original studies (Scott, 1935) on a series of normal 
and pathological cases incorporates the fundamental principles of the technique 
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recorded in the present paper, the only modifications in the method being a 
refinement in the essential details which ensures a more quantitative recovery 
and purification of bilirubin. 


SUMMARY. 


A simple and rapid method is described for the determination of bilirubin 
in serum, the fundamental principle being based on the prevention of an 
albuminous precipitate by carefully selected proportions of diazo reagent and 
diluted alcohol. No loss of bilirubin or azo-bilirubin can therefore occur by 
adsorption of the protein precipitate—an error which is inherent in the original 
Van den Bergh indirect technique and to a lesser degree with the Thann- 
hauser-Andersen modification. 

A method is also provided for the detection and quantitative estimation 
of bilirubin in urine employing the diazo reagent of Ehrlich and the unit 
system of Vanden Bergh. The process is sensitive to a dilution of 1 in 5,000,000 
of bilirubin in urine (0-02 .mg. per 100 c.c.), a quantitative determination 
being possible at this dilution if 25 c.c. of urine be used. 


I wish to thank Dr. J. Patterson for his encouragement and advice during 
the experimental stages of this work, and Dr. T. W. Stallybrass, County 
Medical Officer of Health for Dorset, and Dr. 'T. V. Cooper, Pathologist to the 
County Laboratory, Dorchester, who kindly gave permission to conclude the 
study at the County Laboratory. 
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Srnce the carcinogenic hydrocarbons themselves produce “ an immediate, 
constant and long-continued reduction in the rate of growth” both in the 
intact animal (Haddow, Scott and Scott, 1937) and in the individual cell 
(Earle and Voegtlin, 1938), it is of interest to decide if the carcinogenic effect 
of such an agent is in any way affected by the addition of a second, though 
essentially reversible, inhibitor of growth. In the following experiment a 
stimulator and an inhibitor of growth were added respectively to critical doses 
of 3:4 benzpyrene in contact with the subcutaneous connective tissue of 
mice. Chick embryo was chosen as the growth stimulant, propionaldehyde 
being employed as a nontoxic and reversible inhibitor of mesenchyme (Pomerat 
and Willmer, 1939). 


A further purpose of the same experiment was the testing of propionalde- 
hyde for any tendency towards sarcoma production of its own, since it was 
desired to use propionaldehyde for other purposes in which such a property 
would be undesirable (Riley, 1940). 


EXPERIMENT. 


Two hundred immature male mice, four to six weeks old, of an inbred 
(Medical Research Council) strain were used in the experiment. These were 
divided into four equal groups—A, B, C and D. 

Groups A, B and C each received in the right flank a single subcutaneous 
injection of 0-5 mg. benzpyrene dissolved in 0-1 c.c. sterile olive oil, the dose 
and solvent of benzpyrene being chosen from experiments by Peacock and 
Beck (1938), and calculated to be sufficient to produce tumours in only a 
proportion of the animals receiving injections. 

After two weeks the animals in Group A received in the right flank further 
injections of 0-5 ¢.c. chick embryo extract twice weekly for 16 weeks. The 
extract was prepared by finely chopping six fresh 10-day chick embryos (the 
eyes having been discarded) in 36-0 c.c. Ringer-Locke solution and centrifuging 
for five minutes. The clear supernatant fluid was kept in the ice-chest until 
required and was used for injection purposes within an hour of extraction. 

In addition to benzpyrene the animals in Group B received an injection 
of 0-5 c.c. M/10 propionaldehyde subcutaneously in the right flank twice 
weekly for 16 weeks. The M/10 solution of propionaldehyde was made up 
by dissolving 8-9 c.c. of the pure aldehyde in 1 litre of Ringer-Locke solution. 
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A fresh solution was prepared each second week. Throughout the experiment 
the pure aldehyde and the solution were stored in full bottles in the ice-chest 
over a trace of calcium carbonate A.R. The injections of propionaldehyde 
were not begun until the thirteenth week after the injection of benzpyrene, in 
order to exclude any direct chemical action between the benzpyrene and the 
propionaldehyde. Thus the inhibiting action of the propionaldehyde was 
added to any previous effect on the part of the hydrocarbon about the time 
of expected tumour emergence. 

Group C received a single injection of benzpyrene to act as a control to 
Groups A and B. 

Group D received no benzpyrene ; 0:5 c.c. M/10 propionaldehyde alone 
was injected subcutaneously into the right flank twice weekly for 16 weeks. 


RESULT. 


Mortality was highest in Group B (benzpyrene and propionaldehyde), and 
lowest in Group C (benzpyrene alone). At the twentieth week the average 
weight of the animals was as follows : 

Group A (benzpyrene and embryo extract) . ; . 33-4 gm. 
Group B (benzpyrene and aldehyde) . —. : ee a 
Group C (benzpyrene alone) ; : ‘ , . 31-7 

Group D (aldehyde alone) . « eZ 

As has been anticipated, tumours began to appear from the 12th to 16th 
weeks in animals which had received an injection of benzpyrene. As soon 
as the tumours had become easily palpable, the animals were killed and the 
growths examined histologically. The tumours from all groups were sarcomata 
of the same type, and no significant difference was observed between those 
from the stimulated and those from the inhibited groups. Only one tumour 
showed signs of necrosis ; this was in Group ©. Tumours arose in 42 per cent. 
of the animals in Group A, and in 36 per cent. in the control Group C. In 
view of the relatively small number of animals employed, this difference 
cannot be regarded as significant. A more marked feature of the result was 
the fall in the number of tumours in Group B in which propionaldehyde was 
injected about the time of expected tumour emergence—this fall being to 
22 per cent. (i.e. 14 per cent. less than the number of tumours in the control 
group). In Group D (propionaldehyde alone) no tumours arose, the mortality 


TABLE I. 


Mice without tumours. Mice with tumours 
Died before Died after Survived i 
ied before ied after Survive ; = 
20th week. 20th week. 40 weeks, Died. Killed. 


Group A: benzpyrene and 
embryo extract ; 14 10 : 16 

Group B:  benzpyrene and 
aldehyde 4 17 3 10 
Group C: benzpyrene alone . 16 de 17 
Group D: aldehyde alone’. 14 25 . 0 
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eventually being 50 per cent. These results are set out graphically in Figs. | 
to 3, and in Table I. Figs. 1-3 also show the date of death of animals 


Embryo extract ‘ 


36 


Fic. 1.—Tumours arising in 50 mice injected subcutaneously with 0-5 mg. benzpyrene ; 
0-5 c.c. embryo extract injected subcutaneously twice weekly from the 2nd to the 18th 
week. The dots mark the death of mice dying without tumour formation. The letter 
““p” denotes the death of an animal already bearing a tumour. 





Propionaldehyde 
e,e 
— 


— ot at 
12 5 20 
Weeks 





Fic. 2.—Tumours arising in 50 mice injected subcutaneously with 0-5 mg. benzpyrene : 
0-5 c.c. M/10 propionaldehyde injected subcutaneously twice weekly from the 13th to the 
29th week. Symbols as in Fig. 1. 


which did not bear tumours. The remaining animals survived the period of 
40 weeks over which the experiment was extended without bearing tumours. 
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_ DISCUSSION. 


Following work by Heaton (1926, 1929) a factor was isolated by Medawar 
(1938) which in vitro gives rise to a specific, non-toxic and reversible inhibition 
of mesenchyme, without checking the growth of epithelium. Complete inhi- 
bition of all fibroblastic activity in vitro is believed by Pomerat and Willmer 
(1939) ‘‘to be a property of aldehydes as such. The reversibility of the effect 
has only been tested in the case of propylaldehyde.”’ Glyceraldehyde would 
appear to be exceptional, since its effect on fibroblasts in vitro is not only to 
produce an inhibition of growth which is irreversible, but also, at similar 
concentrations, to check irreversibly direct sugar breakdown (glucolysis). 
No effect on glucolysis has been noted in the case of other aldehydes (Needham 
and Lehmann, 1937; Baker, 1938). 


pico eee need te as eae 





Fic. 3.—Tumours arising in 50 mice injected subcutaneously with 0-5 mg. benzpyrene only. 
Symbols as in Fig. 1. 


It is thus possible that propionaldehyde is the active agent in Medawar’s 
inhibitory factor, for similar specific and reversible inhibition of chick-heart 
fibroblasts in vitro has been noted by him in a plasma-saline medium containing 
concentrations of propionaldehyde ranging from M /50-M/150. Since in the 
living animal the aldehyde will soon be broken down by aldehyde dehydro- 
genases to its corresponding fatty acid, the injections in our experiment 
were made twice weekly with an M/10 solution. 

However the results of the experiment are interpreted there was certainly 
no additive carcinogenic effect between the inhibition caused by the benz- 
pyrene and the action of the propionaldehyde, the exact opposite being observed. 
In this way, therefore, propionaldehyde would appear to resemble heptalde- 
hyde (Strong and Whitney, 1938), citral aldehyde, phloroglucinaldehyde and 
3:4 dimethoxybenzaldehyde (Boyland and Mawson, 1938), which, in the 
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experimental animal, retard the growth rate, or even bring about complete 
regression of tumours which have already formed. It remains to be decided 
whether the effect of the propionaldehyde in reducing the yield of tumours 
was directed against the normal fibroblastic “ stroma reaction,” against some 
process connected with the malignant cells themselves, or against both. In 
this respect it may be significant that no further crop of tumours arose after 
the injections of the aldehyde had been stopped. In any case, it is evident 
that propionaldehyde itself can be absolved from any tendency towards 
sarcoma production in mice. 


SUMMARY. 


Under the conditions of the experiment, 0-5 c.c. M/10 propionaldehyde 
injected subcutaneously into mice twice weekly for the 16 weeks during which 
tumours from a previous injection of 0-5 mg. benzpyrene were to be expected, 
reduced the tumour yield from 36 to 22 per cent. 

The injection of embryo extract twice weekly during the early weeks 
following a preliminary injection of benzpyrene had no marked effect on the 
tumour yield. The tendency was towards increase, rather than decrease, in 
the number of tumours produced. 

Propionaldehyde alone appears to have no inherent properties for sarcoma 
production in mice. 


This work was carried out in the Wilkie Surgical Research Laboratory, 


University of Edinburgh. 
To Prof. Learmonth for his interest: and to Mrs. Moore for her care in 
preparing the embryo extract, we wish to tender our best thanks. 
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A FEw detailed physico-chemical studies of immune sera have been made 
in recent years. By the use of the electrophoresis apparatus Tiselius (1937) 
has demonstrated that the circulating antibody to egg albumin is associated 
in the rabbit with the y-globulin of the serum. In antipneumococcus horse 
serum Tiselius and Kabat (1939) have shown that the antibody is associated 
with an electrophoretic component not present in normal horse serum. Using 
the ultracentrifuge Kabat (1939) has found that the molecular weight of anti- 
pneumococcus antibody varies considerably with the species of animal. 

The therapeutic importance of antitoxic sera has encouraged a detailed 
investigation of diphtheria antitoxin prepared in the horse. As early as 1901 
Hiss and Atkinson showed that during the immunization of horses with 
diphtheria toxin the pseudoglobulin content of the serum rises. This was 
confirmed by Ledingham (1907), who concluded that “‘in the horse the pseudo- 
globulin contains the greater part if not all the antitoxin.”” By means of the 
ultracentrifuge McFarlane (1935) demonstrated the enhanced globulin content 
of diphtheria antitoxic horse serum. 

This paper is a report on some physical properties of a number of diph- 
theria antitoxic horse sera, and attempts to correlate these properties with 
such characteristics as antitoxin titre, flocculation time and the in vivo/in vitro 
ratio. 


EXPERIMENTAL, 
Immunization and Titration Methods. 


Horses were immunized by inoculation intramuscularly with diphtheria 
toxoid according to the usual practice at this Institute for diphtheria antitoxin 
production. The dose of toxoid was doubled every two or three days up to 
the maximum comfortably tolerated by the horse, and maintained at this 
level until a suitable titre was reached. In the special case of the horse 
“ Patrol ” (Table IT) toxoid purified by the ferric chloride procedure of Moloney 
and Orr (1935) and containing 500 Lf units/ml. was used as antigen. An 
initial dose of 0-1 ml. was injected ; on the 14th day. the dose had risen to 
4-0 ml., and from the 20th day to the final injection on the 34th day was 
maintained at 25 ml. The antitoxic sera produced showed no differences from 
those resulting from the use of the ordinary toxoid. 

The antitoxin titres of the sera were determined in vitro using the Ramon 


* Beit Memorial Research Fellow. 
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flocculation test and in vivo by the L+ test. The rate of flocculation in the 
Ramon test is influenced by a number of factors. Temperatures up to an 
optimum value hasten flocculation ; a similar effect arises from convection 
currents such as occur when the contents of the tubes are only partially 
immersed in the bath. Dilution delays flocculation considerably, and the 
pH and salt content of the mixtures also affect the flocculation time. To 
control these variables the following procedure was adopted. All tests were 
carried out in a thermostatically controlled water bath at 50 + 0-1° C. The 
contents of the tubes were between one-third and one-half immersed in the 
bath water, under which conditions reproducible flocculation times were 
obtained. In addition this procedure allowed the onset of flocculation to be 
more easily discerned than when the tubes were completely immersed. The 
tubes were illuminated by transmitted light, and observed against a dead 
black background, direct rays being screened from the eye. 

It is important that the concentration of toxin in each tube in the test 
should have a constant value. The test toxin was titrated against the labora- 
tory standard antitoxin and diluted to a strength of 30 Lf/ml. After the 
addition of varying amounts of the antitoxin under test to a constant volume, 
usually 1-0 ml. of standardized toxin, the volume was made up to 2 ml. with 
phosphate buffer pH 8 uy = 0-1. The serum or serum fractions to be tested 
were dialysed to equilibrium with this buffer, so that variations in flocculation 
time due to variations in pH and salt content were eliminated. At differing 
concentrations small variations in salt content were introduced on account 
of the composition of the toxin solution. These could have been eliminated 
by the use of toxin dialysed against the standard buffer, but any advantage 
gained would have been offset by a resulting diminution in stability. Increase 
in flocculation time owing to ageing of the toxin was minimized as far as 
possible by storing the toxin under toluene at 2° C. in the dark and discarding 
when more than a few months old. 

Under the conditions adopted for carrying out the Ramon test, it was 
found that Kf, the flocculation time of the indicating mixture, is constant for 
a given serum, but that large differences may occur between the sera from 
different horses and also between different bleedings from the same horse. 

In the in vivo test the sera or serum fractions were titrated by mixing 
appropriate doses with the L+ dose of the test toxin, and after the lapse of 
one hour at room temperature, injecting the mixtures subcutaneously into 
guinea-pigs. The antitoxin titre was estimated from the mixture which 
protected the animal for five days. 


Determination of Floccule Nitrogen. 


For the determination of floccule nitrogen, 10 ml. crude toxin, containing 
30 Lf/ml., were mixed with an equivalent quantity of antitoxin (as determined 
by the flocculation test), and partially immersed in a water bath at 50° C. 
The mixture was allowed to remain for 4 hours after the onset of flocculation 
and was then left overnight at 0° C. The floccules were centrifuged off, 
washed twice with 5 ml. 0-9 per cent. NaCl, and the total nitrogen estimated 


by microkjeldahl. 
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Examination with the Ultracentrifuge and the Electrophoresis Apparatus. 


The experimental methods used in the treatment and examination of the 
sera were similar to those used previously for human sera (Kekwick, 1939, 
1940). The samples were dialysed undiluted at constant volume against 
phosphate buffer pH 8 u = 0-1 until ionic equilibrium was attained, and 
centrifuged to remove the slight precipitate which usually formed. The 
refraction due to the non-dialysable materials present was determined with 
the dipping refractometer (\ = 546 mu.), and is recorded as n Protein in 
Tables I and II. The figures given are the differences between the refractive 
indices n, and ny of the protein solution and buffer respectively. 

For examination in the ultracentrifuge the dialysed sera were diluted with 
buffer to n,n, = 0-00300, and were subjected to a field 270,000 times gravity. 
Optical observations were made by the diagonal schlieren method, the light 
source being a high-pressure mercury arc from which monochromatic light 
\ = 546 mu. was isolated. 

Electrophoretic measurements were made in the Tiselius (1937) apparatus 
at 0° C., a potential gradient of 5 V/cm. being applied. The optical obser- 
vations were made in the same manner as for the ultracentrifuge, but a higher 
protein concentration, corresponding to n,—Ny = 0-00450, was used. 

By optical projection of the recorded photographs with an enlargement of 
eight diameters on to millimetre graph paper, tracings were made which were 
analysed for the quantities of the components present. The ultracentrifugal 
analyses were obtained from the mean of two exposures in each case. The 
electrophoretic data are the mean values from a pair of exposures obtained 
simultaneously from the anode and cathode limb. In analysing the anode 
limb diagrams allowance was made for the 6 boundary. 


1. The physical behaviour of normal horse serum. 


In order to appreciate the changes occurring in horse serum during immuni- 
zation with diphtheria toxoid, a knowledge of the variation in protein com- 
position of normal horse serum is necessary. 

In the ultracentrifuge normal horse serum shows two main components, 
albumin and globulin, whose sedimentation constants S,9, are 4:5 and 7-1 x 
10-18 respectively. In addition there is a small quantity of a molecular 
species having Sy.) = 18 x 10-18 (Svedberg and Pedersen, 1940). Four com- 
ponents are found by electrophoresis, albumin, «- 8- and y-globulins (Tiselius, 
1937). The globulins are believed to have the same sedimentation constant, 
Soo = 7-1 x 10-8, but differ in charge ; the component with S,, = 18 x 10-8 
probably migrates with the « globulin. 

The quantitative composition of a number of normal horse sera is given in 
Table I, the amounts of the components being recorded as percentages of the 
total refraction. It will be noticed that there is a rather wide variation in the 
composition of the different samples. These deviations are greater than those 
observed in a series of normal human sera (Kekwick, 1939). 

[It is known that horses whose serum possesses some natural diphtheria 
antitoxin tend to produce sera of a higher titre when subjected to a course 
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of toxoid injections than horses whose sera have little or no natural antitoxic 
activity. The antitoxin titre of the normal sera, determined by animal test, 
are included in Table I. Those horses giving sera with more than 1/10 unit 
antitoxin per ml. are usually found to produce satisfactory antisera, whereas 
those with less than 1/50 unit per ml. are generally not used. There appears 
to be no correlation between the composition of these normal horse sera and 
the extent of the natural immunity shown. 


TaBLE I.—Normal Horse Serum : Ultracentrifugal and Electrophoretic Analysis. 


Electrophoretic. 


— ew n Protein. Albumin. Globulins. 


Ultracentrifugal. 

Albumin. Globulin. 
a B Yy 

CS es - 0-O1197 . 44-6 . 18°56 . 21-8 . 20-1 . 65:4 . 34-7 
ae oe - O-OF1228 . 47-6 . 12:1 . 24-7 . 16°77 . 8-4 . 36-6 
ae >0-1 - 0-01598 . 34-9 . 16°0 . 32-8 . 16:3 . 49:9 . 50-1 
Bs <0-02 . Oise . 462 .. 10-3 . 23 . 10°2 . G9 . 37-1 
: ae >0-1 - 0-01621 . 48°5 . 13-3 . 30:0 . 13:2 . 50-3 . 40-8 
BP is <0-02 - ©-O01307 . 34:2 . 15:3 . 22°9 . 26-7 . 54°8 . 465-3 


* 3-globulin showed two components. Analytical values are percentages of the total refractions. 


The discrepancy between the analysis for albumin and globulin by the 
ultracentrifuge and electrophoresis apparatus has been observed and dis- 
cussed previously for human serum (Kekwick, 1939, 1940). The chief concern 


here is with the electrophoresis data ; the ultracentrifuge results have been 
included for the purpose of completeness. This applies also to the data for 
the antitoxic sera. 


2. The serum changes during immunization. 


The changes occurring in the serum of the horse “ Patrol’ during the 
course of immunization are illustrated by Figs. 1 and 2. The detailed analysis 
of these curves and other relevant data are given in Table II. These data are 
typical, similar results having been obtained with other horses. 

All samples showed the same components as normal horse serum, but with 
the progress of immunization the quantitative relations changed. The bleed- 
ing taken previous to immunization of this horse, viz. sample 0, had a rather 
lower percentage of 8-globulin than the other normal horse sera analysed. 
Quite early during immunization a hyperproteinaemia developed which became 
more marked and at the same time the percentage of globulin rose, as shown 
by the ultracentrifuge diagrams. Electrophoresis revealed that the globulin 
increase was due to the $-component, the percentage of «- and y-globulins 
remaining practically unchanged. Concomitant with these changes in com- 
position the antitoxin titre of the samples rose to a more or less limiting value. 

In Table II are also included the Kf values for indicating mixtures con- 
taining 15 Lf/ml., and the in vivo/in vitro ratios for the various bleedings. 
The early bleedings are characterized by a short Kf ; this increases as immuniza- 
tion proceeds, and approaches a limiting value which is very little affected by 
further doses of toxoid and any increase in titre. The relatively short Kf of 
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early bleedings during immunization was characteristic of all the horses 
investigated. Locke, Main and Miller (1927) have stated in agreement with 
this that early bleedings tend to flocculate rapidly. 

It is often found that the Lf and L+ values of an antitoxin are not in 
agreement, the divergence, expressed as L+-/Lf, being referred to as the in vivo/ 
in vitro ratio. A value exceeding unity is usually associated with sera having 
a short flocculation time, though Glenny (1931) mentions exceptions to this 
rule. The present series of bleedings illustrate this point, the in vivo/in vitro 
ratio falling gradually during the course of immunization. 


O DAYS 
O° ug/ml 


14 DAYS 
22 f/m 


20 DAYS 
157 g/ml 


24 DAYS 
360 Lf/m. 


41 DAYS 
930 f/m 
M AG Bi 
Fic. 1.—Ultracentrifuge diagonal schlieren photographs of sera from the horse ‘“ Patrol” 


during immunization with diphtheria toxoid. M, meniscus; A, albumin ; a, globulin ; B, 
cell bottom ; 1, index. 


The final titre obtained, the flocculation time, and the in vivo/in vitro ratio 
vary from horse to horse, though for the majority the characteristics of the 
sera lie close to those of the final bleedings of “‘ Patrol.” 

The evidence suggests that the antitoxic activity of the sera is predomi- 
nantly associated with the @-globulin. In some of the normal sera described 
(Table I) the 8-globulin consists of two components of very similar mobility, 
which may be referred to as 8, and (, in decreasing order of mobility. All 
diphtheria antitoxic sera show both {,- and $,-components, and it is the latter 
which appears to increase most during immunization. Owing to the small 
difference in the mobility of these components it has been impossible to make 
individual analyses. 

Further evidence that antitoxic activity is associated with the {,-globulin 
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was obtained from the electrophoresis of the supernatant fluid from a balanced 
mixture of pure diphtheria toxin (Pappenheimer, 1937) and the serum “‘ Patrol 
5.” A comparison of the diagram obtained with that of the untreated serum 
revealed a marked decrease in the £,-globulin. Refraction measurements 
indicated that 10 per cent. of the serum protein was precipitated in the floccules. 

The experiment also showed that the increase in globulin content of the 
serum during immunization is in part due to normal globulin, since the super- 
natant fluid contained a considerably higher percentage of globulin than the 
serum prior to immunization. 


O DAYS 


a Ly/ml. 


20 DAYS 


157 Y/ml 


29 DAYS 


610 Uf/ml. 


41 DAYS 
930 Lf/ml. 


At B v5 


Fic. 2.—Electrophoresis diagonal schlieren photographs of sera from the horse “‘ Patrol” 
during immunization with diphtheria toxoid. a, albumin; a, 8, y, globulins ; 6, boundary. 


3. Isolation of components from the antitoxic sera. 


Although the observations of the previous section suggest that antitoxic 
activity is associated predominantly with the $-globulin, it was considered 
desirable to test all the electrophoretic components systematically for the 
presence of antitoxin. 

The electrophoretic preparation of albumin and y-globulin directly from 
sera is a simple procedure. At pH 8 pure albumin can be obtained from the 
anode limb of the Tiselius U-tube, after a sufficient quantity of electricity 
has passed and y-globulin similarly from the cathode. The isolation of pure 
a- or $-globulins involves a two-stage procedure ; for example the isolation 
of the 8 + y fraction followed by the separation of the @- and y-components. 
Unless a large scale U-tube is available this method is very tedious, several 
primary runs having to be made in order to accumulate sufficient material 
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for the secondary stage. Particularly for the isolation of 8-globulin, the pre- 
liminary fractionation of the sera with salt has been found advantageous. 

By dissolving 18 g. Na,SO, in 100 ml. of a diphtheria antitoxic horse 
serum a precipitate is formed (Ppt. I), which consists of «-, 8- andly-globulins 


Sat Fractionation OF DiPHTHERIA 
Antitoxic Horse Serum (Fipus 4 


Serum 
88,000LF 


KF,¢=17 
PROTEIN = 100% 


18f i ces 
Lal: i 
88,000LF 3,800 LF 
KF. 215 
Protein 71 2/ PROTEIN = 26-1% 


157 —__ 
Per. 2. Super. 2. 
- oooLr 21500 LF 
KF. =13 rw KF.= 42 
Pacten 524% Protein 15-7% 


-GLosutin /2- Grosuuin 
Kr, = 19 KF = 39 


Fic. 3.—Electrophoresis diagonal schlieren photographs of salt fractions from diphtheria 
antitoxic serum (Fidus 4). a, albumin; a, B, y, globulins ; é-‘, boundary. Amounts of 
each fraction given as percentage of initial protein. 


with a small amount of albumin and contains 95 per cent. or more of the 
antitoxin units, by the flocculation test. The supernatant fluid (Supernatant I) 
consists almost entirely of albumin, with traces of «- and $-globulin. Solution 
of Precipitate I in phosphate buffer pH 8 up = 0:1 to give 60 per cent. of the 
volume of the initial serum and reprecipitation with 15 g. Na,SO, per 100 ml. 
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gives Precipitate II, consisting of 8- and y-globulin with a trace of «-globulin, 
and Supernatant II, which consists of some albumin, «- and 8-globulins, but 
contains no y-globulin. The percentage of the original activity in these 
fractions varies with the characteristics of the serum used; the shorter the 
flocculation time of the serum the greater the percentage of the activity found 
in Precipitate IIT. Supernatant II was dialysed SO,” free against phosphate 
pH 8 u = 0-1 and the @-globulin isolated electrophoretically in the cathode 
limb. Although Precipitate II was a good source of y-globulin the latter was 
more frequently isolated directly from the serum. A typical fractionation 
is illustrated by the diagonal schlieren photographs in Fig. 3. 

It may be mentioned here that repeated precipitation of material from 
Precipitate II with 12 per cent. Na,SO,, although giving a product of high 
y-globulin content, did not produce pure y-globulin as in the fractionation of 
normal human serum (Kekwick, 1940). Fractionation of the total globulin 
from diphtheria antitoxic horse serum by a method similar to that used by 
Green (1938) for normal horse serum did not give electrophoretically pure 
components. 


4. Comparison of the properties of the antitoxic components with those of whole 
serum. 


That there is no antitoxic activity associated with the albumin of the sera 
was demonstrated by flocculation tests using the method of blending. Similarly 
an electrophoretic sample containing only albumin and «-globulin caused 
no displacement in the indicating mixture on blending with a standard serum, 
and the in vivo test showed that any activity, if present at all, was of a very ~ 
low order. By direct determination on electrophoretically pure preparations 
it was demonstrated that antitoxic activity is associated with both the 6- and 
y-globulins, and moreover it became apparent that the antitoxins associated 
with these two globulins have distinctive characteristics. 

In Table III the characteristics of a number of preparations of $- and y- 
globulins from various diphtheria antitoxic sera are collected, the properties 
listed being specific activity, flocculation time and in vivo/in vitro ratio. The 
specific activity is referred to a basis of refractive increment, and is obtained 
by dividing the Lf/ml. of the solution by the refractive increment of the 
protein dissolved. A close approximation to the activity per g. protein 
may be obtained by multiplication of the activity values by the factor 0-2. 

In general the specific activities of the y-globulin preparations are low, 
and as the y-fractions are also obtained in dilute solution from the electro- 
phoresis apparatus, it has been necessary to make activity tests at low toxin 
concentrations. In order therefore to be able to compare y-globulin prepara- 
tions from the different sera, a curve showing the variation of flocculation 
time of the indicating mixture with dilution was constructed (Fig. 4). For 
this purpose a y-globulin preparation was used from the serum “ Fidus 4,” 
which was sufficiently active to enable a range from 1 to 10 Lf/ml. to be 
covered. Under the experimental conditions obtaining, the flocculation 
times of indicating mixtures at a level higher than 10 Lf/ml. is so short as to 
be of little value for characterization. 
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It will be noticed that the Kf values for all y-globulin preparations lie 
very close to this curve, and it is justifiable to conclude that the y-globulin 
antibody has reproducible flocculation characteristics which are independent 
of the horse. 

In Fig. 4 is also included a Kf—Lf/ml. curve for 6-globulin, the experimental 
data being obtained from a preparation from “ Hickory.”’ The values for 
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Fic. 4.—Flocculation curves of purified antibodies. x, B-globulin from ‘“ Hickory”; [(), 
B-globulin from “ Pool P. 4”; V7, 8-globulin from “ Fidus 4°’; +, y-globulin from 
“Fidus 4; ©, y-globulin from “‘ Pool P. 4°; @, y-globulin from “ Patrol”; A, 


y-globulin from “‘Turin”’. 


other 8-globulin preparations given in Table IV lie close to this curve, with 


the exception of the 6-globulin from ‘‘ Turin 2.” 
A comparison of the two curves shows marked differences in flocculation 


time of the $- and y-antitoxins at all levels of toxin concentration. Thus at 
7-5 Lf/ml. the Kf values are 147 and 7 minutes respectively for the @- and y- 
globulins. 

Preparations covering a range of specific activity have been obtained for 
both antitoxic globulins from different horses, and the flocculation times were 
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found to be independent of the specific activity. The variation in specific 
activity is attributable to admixture of antitoxic globulin with the corre- 
sponding normal globulin, the two being electrophoretically indistinguishable 
(cf. Pappenheimer ef al., 1940). 


TaBLE III.—Properties of Antitoxic Globulins. 


Serum : 
(horse and bleeding). Lf/ml/dn 105, Kf minutes. 


8-globulin : 
Pool P.4 . ‘ -44 , 37-5 
Hickory. ; 64 ‘ 45 
Fidus 4 . 5 -40 : 42 
Turin 2 ‘ , “77 ; 205 


y-globulin : 
Pool P. 4. ‘ -27 


Fidus 3 : : *35 
Fidus 4 , 3 -4] 


Turin 1 : ; 0-085 


(3) 
Turin 2 A : 0-115 ‘ 26 


(3) 
26 


Patrol 3 j : 0-114 
(3) 


All the Kf values ior 8-globulin were determined at 15: Lf/ml. 
For the y-globulin the figure in brackets indicates the number of Lf/ml. 


TABLE IV.—Nitrogen Content of Floccules from Indicating Mixtures. 


—— Floccules. Antitoxin. 
— mg. N/Lf unit. mg. N/Lf unit. 


Patrol 1 , ‘ - 00342 ‘ -0030 
ee - 00238 ‘ -0019 
-00245 : -0020 

‘ ' -00251 , -0020 

f , ° -00223 ‘ -0018 

3 6 ; : -00217 - -0017 
y-globulin (Fidus 4) - 00367 ; - 0032 
6-globulin (Hickory) - 00204 ; -0016 


Another property which affords a means of distinguishing between the £- 
and y- antitoxic globulins is the in vivo/in vitro ratio, which is close to 0-9 
and 2-0 (Table III) in the two cases respectively. 

The floccule nitrogen per Lf unit has also been found to differ for the (- 
and y- antitoxic globulins (Table IV). From the floccule nitrogen, by sub- 
tracting the nitrogen content of 1 Lf unit of pure diphtheria toxin, which has 
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been determined as 4:6 x 10-* mg. (Pappenheimer and Robinson, 1937; 
Pappenheimer, 1937), the antitoxin nitrogen per Lf unit has been obtained. 
The antitoxin nitrogen for the pure y-globulin is found to be twice that for the 
8-globulin. 

Sedimentation constant measurements were made on solutions of $-globulin 
from “ Hickory,” and the y-globulin from ‘ Fidus 4,” in a buffer containing 








Ke (Minutes) 


NO 
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Fie. 5.—Flocculation curves for diphtheria antitoxic horse sera (bleedings from ‘ Patrol ’’). 
O, 14 days; [), 20 days; A, 24 days; 7, 41 days; —-—-—, 8-globulin; — — —, y- 
globulin. 


phosphate pH 8 » = 0-09 and 0-1 M/NaCl, the protein concentration correspond- 
ing to n;-Ny = -00100. The values obtained for the 8- and y-globulins respec- 
tively were S.9 = 7:18 x 10-'8 and 6-87 x 10-18, these being in reasonable 
agreement with the accepted value for normal horse-serum globulin, viz. 
Seg = 7:1 x 10-". Thus the antitoxic globulins, as Pappenheimer ef al. 
(1940) have already shown for the $-globulin, have approximately the same 
molecular dimensions as normal horse-serum globulin, and there appears to 
be no antibody activity associated with any high molecular species as in 
antipneumococcal horse serum. 
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The flocculation curves, in vivo/in vitro ratio and floccule nitrogen for 
the bleedings of the horse ‘“ Patrol”” may now be examined in comparison 
with the data obtained for the @ and y antitoxic globulins. 

The flocculation curves for several bleedings of the horse ‘‘ Patrol” are 
given in Fig. 5, and these all lie between the limits demarcated by the floccu- 
lation curves for the ®- and y-globulins. The early bleedings give curves 
lying close to that of y-globulin, and as immunization proceeds there is a pro- 
gressive shift towards the $-globulin curve. The curves for bleedings 4, 5 
and 6 are practically superimposable. 

A reference to Table II shows that the in vivo/in vitro ratio of these sera 
tends towards the value found for the 8-globulin in the later bleedings. The 
values of the floccule nitrogen per Lf unit for the sera (Table IV) all lie between 
36 x 10 mg. for y globulin and 20 x 10~+ mg. for $-globulin. 

These trends are all consistent with the supposition that in early bleedings 
a high percentage of the total antitoxic activity is associated with the y- 
globulin, but that in later bleedings the activity is predominantly due to the 
8-globulin. By a method explained in detail in the following section (5) it 
has been found that for bleedings 2, 3 and 5 the activity associated with the 
y-globulin was 25 per cent., 11 per cent. and 5 per cent. of the totals respectively. 


5. The activity balance sheets for some sera. 


The evidence of the previous sections indicates that antitoxic activity is 
associated with both the B- and y-globulins, and it should therefore be possible 


to account for the total number of antitoxin units in a serum from its electro- 
phoretic analysis and the specific activities of the $- and y-globulins. 

The data for five sera are presented in Table V, the sera being chosen to 
cover as wide as possible a range of flocculation time. The significance of a 
number of the properties tabulated has already been discussed in connection 
with other sera. The electrophoretic analyses of the sera are given in lines 
5-8, the quantities being expressed as percentages of the total refraction. 
From lines 4, 7 and 8 the refractive increment of the $- and y-globulins is 
obtained and given in line 9. In line 10 the experimentally determined 


TABLE V.—The Activity Balance Sheet for Several Sera. 
Serum. Turin 1. Fidus 4. Pool P. 4. Hickory. Turin 2. 
. Lf/ml . : . ‘“ f ‘ 935 975 ‘ 2050 5 790 
aris. ‘ ; ‘ : . 19 : 22 ; 43 ‘ 61 
. L+/Lf . = ‘i ; 6 P 1-17 i 0-97 d 0-97 ‘ 0-80 
. n Protein : re ‘ . . 0-016C00 . 0-01490 . 0-01601 . 0-01610 
Alb. J : ‘ i . 24-7 x 24-2 ; 21-1 ; 31-6 
a-glob. . 5 ; 6 . ‘ 12-7 , 16-8 > 16-1 i 12-7 
a . 2s . Be .- a... ee 
. y-glob. . P - . R 31-8 . 21-7 ; 16-2 4 23-6 
¢ aa ‘ . ;. . . 0-00493 . 0-00557 . 0-00748 . 0-00517 
ly ‘ ‘ P . 0-00509 . 0-00323 . 0-00259 . 0-00380 
' g4P) « ‘ : . 1-40 . 1-44 ‘ 2-64 ‘ te 
(lace ees cag . ee . of... om... om 
“ee | a ae 5 OB ee a Oe 
‘ < P 5 209 P 87 : 85 ; 44 
12. Lfjml . ; ae . ew Bo Be «we 


ee 


n 
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specific antitoxic activities of the 8- and y-globulins appropriate to each serum 
are given, from which by combination with the data of line 9 the number of 
Lf units per ml. of serum for each component is derived (line 11). The total 
activity thus calculated is given in line 12. This treatment involves no 
assumptions with regard to the specific refractive increments of the 8- and y- 
globulins. 

A comparison of lines 1 and 12 of the table shows that the calculated activity 
is in reasonable agreement with the value determined directly, having regard 
to the possible errors in the electrophoresis curve analysis and the flocculation 
titration. It is reasonable to conclude that the antitoxin titre of the sera 
can be quantitatively accounted for on the basis of the activity of the @- and 
y-globulins. If there is any activity associated with the «-globulin, which 
other methods failed to detect, the number of antitoxin units must be very 
small. 

A further point of interest arising from the data is that as the flocculation 
time of the serum increases, the proportion of the total activity associated with 
the $-globulin rises. The sera also show the same relation between flocculation 
time and in vivo/in vitro ratio as found for the serum samples from the horse 
“ Patrol.” 

Some comment is necessary concerning the serum “ Turin 2.” Amongst 
31 samples of serum examined from 11 different horses this was the only 
serum whose flocculation curve lay outside the limits of the 8- and y-globulin 
curves of Fig. 4. Further the §-globulin isolated from it has an abnormal 
flocculation time (cf. Table IV), and the calculated activity of the serum is 
high. 


DISCUSSION. 


The experimental evidence has demonstrated that in diphtheria antitoxic 
horse sera there are two antitoxins, one associated with the $- and the other 
with the y-globulin. In addition to a difference in electrochemical constitution 
which has made possible their isolation, the antitoxins show quantitative 
differences in respect to flocculation time, in vivo/in vitro ratio and the amount 
of antitoxin nitrogen contained in the floccules formed with toxin. 

It has been found (Pappenheimer et al., 1940) that the floccules from indi- 
cating mixtures of $-globulin and toxin have the constitution (TA,),, where 
T represents one molecule of toxin and A one of antitoxin. A comparison 
of the antitoxin nitrogen precipitated in the floccules from indicating mixtures 
of 8- and y-globulins has shown that approximately twice as much nitrogen 
per Lf unit is precipitated from the y- as from the @-globulin. Consequently 
the floccules from the y-globulin indicating mixtures have the constitution 
(TA,)n. 

From the therapeutic point of view the y-globulin antitoxin may have 
some advantage in that it combines more rapidly with toxin than the 8-globulin 
antitoxin ; there are however some indications that it is less stable. 

Concerning the changes occurring during the course of immunization the 
immediate reaction in the horse is the production of the y-globulin antitoxin. 
As further injections are given increasing quantities of §-globulin antitoxin are 
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formed, but the number of units of y-globulin remain fairly constant at the 
low level of 50-100 Lf/ml. in most horses. These changes are reflected in the 
increasing flocculation time and decreasing in vivo/in vitro ratio of the serum 
samples. The floccule nitrogen also tends to fall. 

The high in vivo/in vitro ratio of early bleedings and the general tendency 
for this ratio to fall as immunization proceeds has been observed by Glenny 
et al. (1925) for a number of horses. ; 

It has been shown that it is possible to account quantitatively for the total 
number of Lf units in a serum on the basis of the content and specific activities 
of the B- and y-globulins. In view of the fact that the in vivo/in vitro ratio 
of the 8- and y-globulins is approximately 0-9 and 2-0 respectively, it follows 
that no serum should be found having an in vivo/in vitro ratio outside these 
limits. Glenny et al. (1925) have reported a serum with a ratio as high as 
3-0, and “‘ Turin 2 ” investigated here had a ratio of 0-80. These observations 
are difficult to explain on the basis of the evidence presented here. The fact 
that the least soluble globulin fractions have the highest in vivo/in vitro 
ratios (Barr and Glenny, 1931) is in accord with the observations made here 
that such fractions tend to contain a higher proportion of y-globulin, whilst 
more soluble fractions contain increasing amounts of 6-globulin. 

These investigations indicate that the properties of the majority of diph- 
theria antitoxic horse sera may be interpreted in terms of their content of 
8 and y antitoxic globulins, the characteristics of which remain sensibly 
constant and independent of the individual horse. Occasionally abnormal 


sera occur, which probably owe their properties to the presence of atypical 
antitoxic globulin components. 


SUMMARY. 


The physical behaviour of a number of normal horse sera has been studied, 
and the changes occurring in horse serum during the course of immunization 
with diphtheria toxoid are described. 

It has been demonstrated that diphtheria antitoxic horse sera contain two 
antitoxins associated with the @- and y-globulins respectively. These anti- 
toxins are sharply distinguishable from one another by a number of properties 
which for preparations from most sera remain sensibly constant. The anti- 
toxic properties of diphtheria antitoxic horse sera may be interpreted in terms 
of their content of 8 and y antitoxic globulins. 


_ The authors wish to express their indebtedness to Dr. C. R. Amies for his 
invaluable co-operation in the supply of sera and in carrying out the animal 
tests. 

One of us (R. A. K.) is indebted to the Medical Research Council for a 
grant in aid of personal and research expenses. 
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In both agglutination and precipitation, combination between antigen 
and antibody is followed by the separation of an antigen-antibody complex. 
The most striking difference between the two reactions is quantitative ; in 
precipitin reactions small amounts of antigen combine with comparatively 
large amounts of antibody, whereas in agglutination reactions large amounts of 
antigen react with small amounts of antibody. This difference seems to be 
controlled by the sizes of the antigens; those giving precipitin reactions are 
solutions of finely dispersed particles, whereas those giving agglutinin reactions 
are suspensions of large particles. 

The ratio in which a given antigen combines with its antibody in precipitin 
reactions is a function of the proportions in which the two are mixed (Marrack 
and Smith, 19316 ; Heidelberger and Kendall, 1935a). However, when the 
proportions are kept constant at those corresponding to equivalence (i. 
when neither antigen nor antibody is left in the supernatant after the precipitate 
has been removed by centrifugation), the ratio varies with different sera 
(Marrack and Smith, 19316). In the serum of one animal it even varies during 
the progress of immunization, the antibody /antigen ratio becoming larger with 
each successive immunization (Heidelberger and Kendall, 1935a). In addition 


rj eo crepes > & -o 





SEROLOGICAL REACTIONS OF SOME PLANT VIRUSES. 45 


to these variations in the combining proportions of any given antigen with 
its antibody, the antibody /antigen ratio at equivalence point varies widely 
with antigens of different sizes, decreasing with increasing size. 

Most previous work has been done with relatively small antigens. the 
largest protein molecules investigated being haemocyanins. Purified pre- 
parations of some of the more stable plant viruses are active antigens, and 
afford convenient material for quantitative serological investigations on 
antigens with unusually large particles. In this work investigations were 
made on tomato bushy stunt virus and its antiserum, and on tobacco mosaic 
and tomato aucuba mosaic viruses, two serologically related strains, with 
their homologous and heterologous antisera. For purpose of comparison, the 
antibody /antigen ratio of still larger particles, namely, a pea nodule bac- 
terium, Rhizobium leguminosarum, was also determined. 

Tobacco mosaic and aucuba mosaic viruses have rod-shaped particles and 
give with antisera bulky fluffy precipitates, resembling those given by bacterial 
flagellar antigens, whereas bushy stunt virus has spherical, or quasi-spherical 
particles and gives a compact granular precipitate with its antiserum (Bawden 
and Pirie, 1938). Comparison of the two viruses was therefore of interest to 
determine whether the shape of.the antigenic particles significantly affected 
quantitative aspects of serological reactions. 


MATERIAL AND METHODS. 


Solutions of crystallized bushy stunt virus and of tobacco mosaic and 
aucuba mosaic viruses in the liquid crystalline state, prepared by precipita- 
tion methods (Bawden, 1939), were used in all this work. 

To prepare the antisera against bushy stunt and tobacco mosaic viruses, 
rabbits were injected intravenously twice within a week with 2 ml. of 0-2 per 
cent. virus solutions (sera Nos. 21, 19, 10, 28). One rabbit was injected six 
times during a period of three weeks with tobacco mosaic virus (serum No. 11). 
The antiserum against tomato aucuba mosaic virus was prepared by Mr. 
E. T. C. Spooner in 1937 by a single intravenous injection of 5 mg. of purified 
virus. The antiserum to the pea nodule bacterium was produced by injecting 
a rabbit twice a week for three weeks with suspensions made by washing 
cultures grown on agar slopes with 0-9 per cent. NaCl solution. All the animals 
were bled from 8 to 10 days after the last injection. 

The amounts of precipitate formed by the viruses with their antisera were 
measured by mixing known weights of virus and known volumes of antiserum, 
which were then kept for 3 hours at 37° C. and overnight at 1° C. The pre- 
cipitates were then centrifuged down, washed twice in saline and their nitrogen 
content determined by micro-Kjeldahl. This was then translated into protein 
by multiplying by 6-25. The amount of antibody bound ‘by the bacterium 
was so small that this technique could not be used. Instead, it was estimated 
by comparing the intensity of colour given with Folin’s phenol reagent by the 
supernatant fluids left after precipitating the bacteria with that given by 
the antiserum solution. The details are described later. 

Constant antibody optimal proportions were found by adding 1 ml. of 
antiserum at a constant dilution to a series of tubes each containing 1 ml. of 
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antigen solution at different concentrations. The tubes were immediately 
placed in a water-bath at 50° C. so that convection currents ensured complete 
mixing, and the proportions at which precipitation first appeared were taken 
as optimal. To determine constant antigen optimal proportions 1 ml. of 
antigen solution at a constant dilution was added to 1 ml. of antiserum at 
various dilutions. The equivalence point with the virus antigens corresponded 
with the constant antibody optimal proportions. On the other hand, with 
pea nodule bacteria constant antigen optimal proportion corresponded with 
the minimum amount of antigen required to bind all the antibody. 


PRECIPITIN REACTIONS WITH PLANT VIRUSES. 


Influence of the Dilution of Reagents on the Amount of Precipitate in the Region 
of Antigen Excess. 


The fact that the volume in which antigen and antibody are dissolved or 
suspended does not affect appreciably the amount of precipitate formed has 
been shown for pneumococcal carbohydrate and its precipitin (Heidelberger 
and Kendall, 1935a), horse pseudoglobulin and its precipitin (Marrack and 
Smith, 193la), and pneumococci and their agglutinin (Heidelberger and Kabat, 
1937). Experiments were made to find if this was also true for plant viruses 
and their antisera. 

Table I shows the amounts of precipitate formed when bushy stunt virus 
was mixed with its antiserum in constant proportions but over a range of 
concentration. In each test the total volume of the fluid was 5 ml. It will 
be seen that the weight of the precipitate formed is directly proportional to 
the amounts of antigen and antiserum mixed, and that the ratio of the amount 
of precipitate to the amount of antigen and antibody is unaffected by the con- 
centration of the reagents over this range of concentration in the region of 
antigen excess. 


TaBLE I.—Amounts of Precipitate Formed by Mixing Increasing Amounts of 
Bushy Stunt Virus and its Antiserum (No. 10) in a Constant Ratio and 
Constant Volume. 

Volume of anti- Weight of bushy Weight of precipitate 
serum used stunt virus used 
(ml.). (mg.). 
0-125 : 0-875 
0-25 : 1-75 
0: ; 3-5 
1: 7-0 
The total volumes were adjusted to 5 ml. 
All supernatant fluids showed antigen excess. 


Table II shows the results of a similar experiment with tobacco mosaic 
virus and its homologous antiserum. As with bushy stunt virus, at low antigen 
concentrations the ratio of the amount of precipitate to the amount of antigen 
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and antibody is constant. At antigen concentrations greater than 0-2 per 
cent., however, the increase in the weight of precipitate produced is much 
greater than the increase in the concentration of antigen and antibody. 


TaBLE I1.—Amounts of Precipitate Formed by Mixing Increasing Amounts of 
Tobacco Mosaic Virus and its Homologous Antiserum (No. 21) in a Constant 
Ratio and Constant Volume. 

Volume of anti- Weight of tobacco Weight of precipitate 
serum used mosaic virus used 
(mg.). 
2°5 
5-0 
10-0 
20-0 
The total volumes were adjusted to 5 ml. 
All supernatant fluids showed antigen excess. 


As will be seen later, there is close agreement between the amounts of 
precipitate obtained with 0-01 ml. of serum No. 11 to which varying amounts 
of tobacco mosaic virus were added and those obtained with different volumes 
of serum No. 11 and different amounts of tobacco mosaic virus, the total 
volume being always adjusted to 5 ml. (Table VI). This also shows that the 
amounts of precipitate formed by tobacco mosaic virus and its antiserum do 
not depend appreciably upon the concentration of both reagents over a range 
of antibody /antigen ratios, being merely a function of their quantities. 


Effect of Varying Proportions of Antibody and Antigen. 
Bushy stunt virus and its antiserum. 


Table III shows the amounts of precipitate obtained when bushy stunt 
virus was mixed with its antiserum (No. 28) in proportions varying from anti- 


Taste II1Il.—Amounts of Precipitate Formed by Bushy Stunt Virus with its 
Antiserum No. 28 Mixed in Varying Proportions. 


Volume of anti- Weight of Weight of pre- Tests of supernatant fluids with— 
serum used antigen used cipitate formed oS 
(ml.). (mg.). (mg.). Antiserum. Antigen. 
4-0 ‘ 0- ‘ 0-48 
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The total volumes adjusted to 5 ml. 
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body excess to antigen excess. As the concentrations of bushy stunt virus 
in all the tests fall within the range shown in Table I, in which varying con- 
centration has no effect on the ratio of the weight of precipitate to the amount 
of antigen and antibody, provided the two are in constant proportions, it 
seems to be justifiable to translate these results into the weights of precipitate 
that would be obtained by adding varying amounts of antigen to 1 ml. of 
antiserum. This has been done, and the result is shown in Fig. 1, where the 
weight of antigen added to 1 ml. of antiserum No. 28 is plotted against the 
weight of precipitate produced. 


mg. of precipitate 





§ 6 7 8 9-10 tt 22 12 4 I 6 OY 
még. of antigen 


Fic. 1.—Amounts of precipitate formed by 1 ml. of bushy stunt virus antiserum (No. 28) with 
varying amounts of bushy stunt virus. ab. exc. = antibody excess; ag. exc. = antigen 
excess. : 


The equivalence point is when 3 mg. of virus is added to 1 ml. of the anti- 
serum, and as at this point 3-7 mg. of precipitate are formed, it is reasonable 
to assume that 1 ml. of serum No. 28 contains approximately 0-7 mg. of 
antibody. The weight ratio antibody /antigen at equivalence is thus about 
0-25. The maximum precipitate is obtained in the antigen excess zone, when 
the amount of antigen added is about twice that needed for equivalence. It 
is apparent that when more than about 17 mg: of virus are added to 1 ml. of 
this serum no precipitate is formed, i.e. any antibody /antigen complex formed 
in these conditions is soluble. If the amount of antibody is taken as 0-7 mg., 
its molecular weight as 160,000 (Heidelberger and Pedersen, 1937 ; Kabat and 
Pedersen, 1938) and the molecular weight of bushy stunt virus as 8,000,000 
(McFarlane and Kekwick, 1938), then the ratio 17 mg. virus/0-7 mg. of anti- 
body corresponds to one molecule (or particle) of virus to two molecules of 
antibody. When the ratio of antibody to antigen is increased slightly above 
this a precipitate separates. If therefore it can be assumed that in the region 
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of antigen excess the antibody available is equally distributed on all the antigen 
particles, it is apparent that at least three antibody molecules must combine 
with one virus particle to render it insoluble. At the equivalence point 3 mg: 
of virus combine with 0-7 mg. of antibody, and making the same assumptions 
about molecular weights, one virus particle combines with about 12 molecules 
of antibody. The combining proportions of antibody and antigen vary some- 
what with different sera, and in similar experiments with serum No. 10 (a 
somewhat stronger antiserum) the weight ratio of antibody /antigen at equi- 
valence was found to be 0-35, instead of 0-25, and the molecular ratio to be 
18 of antibody to 1 of virus instead of 12. 


Aucuba and tobacco mosaic viruses and tobacco mosaic virus antiserum. 


Table IV shows the results of a similar experiment on the precipitation of 
aucuba and tobacco mosaic viruses with tobacco mosaic virus antiserum (No. 


TaBLE 1V.—Amounts of Precipitate Formed by Tobacco Mosaic and Aucuba 
Mosaic Viruses with Tobacco Mosaic Virus Antiserum (No. 11). 


Tobacco Mosaic Virus. 


Volume of Weight of Weight of Tests of supernatant fluids with— 
antiserum antigen precipitate 


Anti-tobacco _Anti- Tobacco Aucuba 
used used formed 


mosaic aucuba mosaic mosaic 
(ml.). (mg.). (mg.). serum. serum. virus. virus. 
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11) when mixed in different proportions. Here again as all the concentrations 
of the viruses used fall within the range in which the weight of precipitate is 
directly proportional to the amounts of antigen and antibody mixed, the 
results in Table IV can be computed for the weight of precipitate produced 
by 1 ml. of antiserum. This has been done, and the results plotted are shown 
in Fig. 2. 

At the equivalence point, when 3 mg. of tobacco mosaic virus is added to 
1 ml. of antiserum, 3-6 mg. precipitate are formed ; the combining proportions 
by weight of antibody and antigen are 0-2, and the amount of antibody per 
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antigen excess 
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mg. of antigen 





Fie. 2.—Amounts of precipitate formed by 1 ml. of tobacco mosaic virus antiserum (No. 11) 
with varying amounts of tobacco mosaic virus (curve A) and aucuba mosaic virus (curve B). 


ml. of serum is approximately 0-6 mg. Provided the antigen concentration 
does not exceed 0-2 per cent., the addition of 160 mg. or more of tobacco mosaic 
virus to 1 ml. of antiserum does not give any precipitate. The exact weight of 
tobacco mosaic virus particles is not known, and probably varies, but if the 
figure of 50,000,000 times the weight of a hydrogen atom given by Kausche 
and Ruska (1939) from measurements in the electron microscope is taken, then 
160 mg. of virus and 0-6 mg. of antibody correspond to a ratio of one virus 
particle to one antibody molecule. If the ratio of antibody /antigen is increased 
slightly above this a precipitate separates. Thus, if again it’ can be assumed 
that the available antibody is distributed equally over the antigen, a complex 
formed by one virus particle and one antibody molecule is soluble, but com- 
bination with more than one antibody molecule is sufficient to render the 
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antibody-antigen complex insoluble. Making the same assumptions about 
molecular and particular weights, at the equivalence point one virus particle 
combines with 70 antibody molecules. Similar combining proportions were 
found for a second serum, No. 21, which was slightly weaker and contained 
0-4 mg. of antibody per ml. 

The greatest amount of precipitate for a given amount of antibody is 
obtained much further in the region of antigen excess with tobacco mosaic 
virus than with bushy stunt virus, it being obtained when about 30 times 
the amount of antigen required for equivalence is added, instead of twice. 
Similarly, the maximum amount of precipitate obtained is also much greater 
with tobacco mosaic virus, it being about 10 times that obtained at the equi- 
valence point instead of less than twice as with bushy stunt virus. 

The behaviour of aucuba mosaic virus with tobacco mosaic virus anti- 
serum No. 11 was almost identical with that of tobacco mosaic virus itself, 
and except for the fact that it actually produced a little more precipitate in 


TABLE V.—Amounts of Precipitate Formed by Aucuba Mosaic and Tobacco 
Mosaic Viruses with Aucuba Mosaic Virus Antiserum (No. 392). 


Aucuba Mosaic Virus. 


Volume of Weight of Weight of Teate of supernatant fluids with— 


antiserum antigen precipitate Anti- 
used used formed 
(ml.). (mg.). (mg.). 
0: 
0: 
0: 
0: 
O°! 
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0-022 
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the region of antigen excess the curves for the two viruses could almost be 
superimposed (Fig. 2). The equivalence point was obtained with slightly 
less aucuba mosaic virus—2 mg. instead of 3 mg. for 1 ml. of antiserum——but 
the amount of antibody bound by both viruses was the same, namely, 0-6 mg. 
After removing the precipitate formed at the equivalence point by one virus, 
the supernatant fluid did not react with the other, showing that all the anti- 
bodies produced by tobacco mosaic virus can react with aucuba mosaic virus. 


| 
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Fie. 3.—Amounts of precipitate formed by 1 ml. of aucuba mosaic virus antiserum (No. 392) 
with varying amounts of aucuba mosaic virus (curve A) and tobacco mosaic virus (curve B). 


Aucuba and tobacco mosaic viruses and aucuba mosaic antiserum. 


A different result was obtained when aucuba mosaic and tobacco mosaic 
viruses were tested against aucuba mosaic virus antiserum. The actual 
weights of precipitate obtained are shown in Table V, and the calculated 
weights for 1 ml. of antiserum are plotted against weight of antigen in Fig. 3. 
It will be seen that the curves for the two viruses are quite different, for aucuba 
mosaic virus with its own antiserum produces much more precipitate over the 
whole range tested than does tobacco mosaic virus. Difference also occurred 
in the ratios of antigen and antibody at the equivalence points. With tobacco 
mosaic virus equivalence was with 1 mg. of virus and 1 ml. of antiserum, 
whereas with aucuba mosaic virus equivalence was with 4 mg. of virus and 
1 ml. of antiserum. The amount of antibody bound at equivalence with 
tobacco mosaic was only 0-4 mg. from 1 ml. of antiserum, whereas with aucuba 
mosaic virus 1-4 mg. of antibody were bound from 1 ml. of antiserum. After 
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removal of the precipitate formed by tobacco mosaic virus at the equivalence 
point, the supernatant fluid still reacted strongly with aucuba mosaic virus. 
Thus it seems that of the 1-4 mg. of antibody present in 1 ml. of the aucuba 
mosaic virus antiserum only 0-4 mg. is capable of reacting with antigens 
common to both aucuba’ mosaic and tobacco mosaic viruses, and 1 mg. is 
antibody specific to antigens in aucuba mosaic virus. 


Variations in Rabbit Antisera. 


Antisera obtained by immunizing different rabbits with the same antigen 
may vary greatly in their titres and in the amount of precipitate they form with 
a given amount of antigen. Two such sera (Nos. 11, 19) were obtained by 
injecting different rabbits with the same preparation of tobacco mosaic virus. 
When titrated against constant antigen, 0-001 per cent. tobacco mosaic virus 
solution, No. 11 gave a titre of 1/3000 and No. 19 one of 1/30. Experimen*s 
were therefore made to test whether this difference is only quantitative or 
whether it is in part qualitative, i.e. whether the two sera contained the same 
antibodies in different quantities or whether they also contained different 
antibodies. If they differed only quantitatively, it is apparent that serum 
No. 11 diluted 1/100 should be equal to No. 19 undiluted. When different 
amounts of tobacco mosaic virus were added to 1 ml. of No. 19 and to 1 ml. 
of No. 11 diluted 1/100 with 0-9 per cent. saline, however, quite different 
results were obtained (Table V1). 


TaBLE VI.—Amounts of Precipitate Formed by Varying Amounts of Tobacco 


Mosaic Virus with Constant Amounts of Serum No. 19 and Serum No. 11. 
The weight of precipitate (mg.) formed with— Weight of precipitate 
1 ml. of 1/100 (mg.) expected with 
: 0-01 ml. of serum 
No. 11 according to 
curve A, Fig. 2. 


Weight of 
tobacco mosaic ile: ume 1 ml. of 1/100 

— used No. 19. serum No. 11 

(mg.). in saline. 


serum No. 11 
in normal 
rabbit serum 


0-12 ‘ 0-15 , 0-1 ‘ 0-1 , 0-11 
*25 ‘ 0-26 ‘ 0-2 : 0-15 2 0-19 
*5 ; 0-54 : 0°3 ‘ 0-2 , 0-28 
: 0-6 ; 0-35 f 0-1 : 0°32 

F ; 0-1 : 0 : 0-2 
0-6 : 0 : os ‘ 0 
0-7 
0-85 


The total volumes adjusted to 5 ml. 


The amount of precipitate with serum No. 19 increased much more rapidly 
With increasing amounts of antigen than with the diluted serum No. 11, and 
still produced precipitate without any tendency to decrease when the latter 
failed to give a precipitate because of antigen excess. This difference was not 
due to the greater concentration of protein in the undiluted serum, for when 
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serum No. 11 was diluted 1/100 with normal rabbit serum instead of saline, an 
even smaller precipitate resulted and antigen excess inhibition was apparent 
at a lower antigen concentration (Table VI). Thus it is obvious that the ratio 
of the weight of precipitate to the weight of antigen is different with the two 
sera, and that the difference cannot be explained merely on the basis of different 
quantities of the same antibodies. 


AGGLUTINATION OF PEA NODULE BACTERIA (317) WITH ITS ANTISERUM. 


Pea nodule bacteria 317 are Gram-negative rods, about 0-4 wide and 
averaging 1-5y long (variation 0-7 to 3-5u), and without flagella. 1 mg. of 
dried, well-washed bacteria, after killing with formalin, was found to correspond 
to 6 x 10° organisms counted in a haemocytometer. The weight of one 
bacterium, therefore, is approximately 1-7 x 10-3 g. The nitrogen content 
is about 5 per cent. of the dry weight. 

In estimating the amount of antibody bound by the bacteria the globulin 
fraction and not the whole antiserum was used. Preliminary experiments 
showed that when 1 ml. of bacterial suspension containing 9 x 108 bacteria 
was mixed with 1 ml. of the globulin fraction solution diluted 1/400, no detect- 
able agglutinin remained in the supernatant, whereas at a dilution of 1/200 
the supernatant still contained agglutinin. It was assumed that these bacteria, 
like the viruses and the pneumococci studied by Heidelberger and Kabat 
(1937), would give a weight of precipitate proportional to the weights of 
antigen and antibody mixed over a range of dilutions, provided these two were 
kept in constant proportions. Therefore, in estimating the amount of anti- 
body bound at equivalence, dense suspensions of bacteria were added to the 
globulin in the ratio of 9 x 108 bacteria to 1/400 ml. of the globulin fraction. 
These were then centrifuged and the protein bound by the bacteria estimated 
by measuring the decrease in colour given by the supernatant fluid with Folin’s 
reagent. A control in which bacteria were mixed with globulin from normal 
rabbit serum was also included. 

The details of the experiment were as follows: 2 ml. of the antiserum 
globulin diluted 1/10 (containing 1-76 mg. of protein) were mixed with (1) 3 ml. 
of bacterial suspension containing 7 x 101° bacteria (12 mg. dry weight) and 
a second 2 ml. with (2) 3 ml. of saline. 2 ml. of normal serum globulin (also 
containing 1-76 mg. protein) were mixed with (3) 3 ml. of the bacterial sus- 
pension and a further 2 ml. with (4) 3 ml. of saline. The mixtures were kept 
for 2 hours at 37° C. and a further 2 hours at 1° C., when the bacteria were 
centrifuged down from (1) and (3). 4:5 ml. of each mixture were then diluted 
to 20 ml. with water, and 3 ml. of 1-28N NaOH and 3 ml. of Folin’s reagent 
diluted 1/3 were added to each. The solutions were allowed to stand for 5 
minutes for the colour to develop, and then they were compared in a colori- 
meter. There was no difference between (3) and (4), showing that the bacteria 
had adsorbed no protein from the normal serum globulin. The colour ratio 
(1)/(2) was 43/46, showing that approximately 1/15th of the total protein 
had been bound by the bacteria. The supernatant fluid of (1) gave no reaction 
with further bacteria, so that all the agglutinin was bound. Thus, if it be 
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assumed that all the protein precipitated from the antiserum globulin was 
antibody, the amount of antibody precipitated at the equivalence point by 
12 mg. of bacteria was 0-12 mg. and the antibody/antigen weight ratio was 
0-01. 

The result with the bacteria is obviously only approximate, for it is based 
on the assumption that all globulins, including the antibody, give the same 
intensity of colour with Folin’s reagent. However, the more accurate micro- 
Kjeldahl method used for the viruses and by Heidelberger and Kabat (1934 ; 
1937) for pneumococcus agglutination could not be used because of the small 
amount of antibody bound by the pea nodule bacteria. The amount of anti- 
body bound by a given amount of bacteria can be increased if the amount of 
antibody is increased above that necessary for equivalence, but then not all 
the antibody is bound. 


TaBLE VII.—Comparison of Antibody/Antigen Ratios at Equivalence with 
Molecular or Particular Weights of Antigen. 
Molecular weight of antigen 
Antibody /antigen ratio or weight of antigen 
at equivalence. particle in units of 
molecular weight. 


Ovalbumin : : ; , . 40,000 ( 
Horse-serum globulin . ‘ 0 (: ‘ 160,000 
Fulgar (Busycon) haemocyanin . 6 (5 : 6,000,000 


Antigen. 


5 
5 
5 


) 
) 
) 
) 


( 
q . ( 
Bushy stunt virus. : : - 25-0: E 8,000,000 (6 
(7 


) 

Tobacco mosaic virus ; , 2 (: ; 50,000,000 (7) 
Pea nodule bacteria . < . ; : 1011 (8) 

(1) Taylor, Adair and Adair (1934). (2) Kleezkowski (1940). (3) Hooker and Boyd (1936). (4) 

Found in this study. (5) Svedberg and Pedersen (1940). (6) McFarlane and Kekwick (1938). (7) 


Kausche and Ruska (1939). (8) The average weight of a single nodule bacterium found to be 1-7 x 
10-8 om., thus 10" times greater than the weight of one hydrogen atom. 


DISCUSSION. 


Table VII shows the combining ratios for various antigens and antibodies 
at equivalence points, together with the molecular weights of the antigens or 
their weights in terms of the weight of a hydrogen atom. It can be seen that 
the antibody /antigen ratio decreases with increasing weight of the antigen 
particles, and that there is a smooth transition from egg albumin through 
haemocyanin and the plant viruses to the pea nodule bacterium. Thus the 
distinction between precipitation and agglutination becomes merely an arbi- 
trary one of convenience, for there is no clear dividing line between the two. 
If the one is used for small particles forming stable solutions and the other 
for large particles forming unstable suspensions, it is obvious that the plant 
viruses can be placed in either with equal justification. The view that precipi- 
tation and agglutination are essentially the same process is strongly supported 
by the fact that the same antibody can sometimes act as either a precipitin 
or as an agglutinin ; for example, Heidelberger and Kabat (1934) showed that 
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the same antibody could act as a precipitin for pneumococcal carbohydrate 
and an agglutinin for pneumococcus, and Jones (1927, 1928) showed that a 
precipitin for a protein agglutinated collodion particles coated with it. 

Boyd and Hooker (1934) suggest that antibody/antigen ratios at equi- 
valence are a function of geometrical relationship between antigen and 
antibody particles. It is obvious from Table VII that the ratio decreases 
consistently with increase in the weight and size of antigen particle, and it is 
possible that the number of antibody particles bound by an antigen particle 
is a function of antigen surface area and of area which can be covered by one 
antibody particle. However, so many assumptions about size, shape and 
degree of hydration of molecules or particles have to be made in such calcu- 
lations, that the problem cannot profitably be discussed here. 

Fewer differences than might have been expected were found between the 
behaviour of the rod-shaped tobacco mosaic and aucuba mosaic viruses on 
one hand and spherical bushy stunt virus on the other hand. In the region 
of antibody excess investigated no characteristic differences were found. In 
antigen excess, however, with the same weight of antibody about four times 
the weight of precipitate can be obtained with tobacco mosaic virus as with 
bushy stunt virus. Maximal precipitate with tobacco mosaic virus was 
obtained in much greater antigen excess, about 30 times the amount of virus 
needed for equivalence compared with 1-5 times for bushy stunt virus. Inhi- 
bition of precipitation because of antigen excess is also reached with much 
less bushy stunt virus than with tobacco mosaic virus. The results obtained 
with aucuba mosaic virus were similar to those obtained with tobacco mosaic 
virus. 

The number of antibody molecules needed to cause precipitation is much 
less than that with which the large antigens can combine ; for example, pre- 
cipitation of tobacco mosaic virus can apparently result from the union of one 
virus particle with two antibody molecules, whereas at equivalence one particle 
unites with 70 antibody molecules, and in the region of antibody excess with 
still more. 

The serological relationship between tobacco mosaic virus and tomato 
aucuba mosaic virus had previously been studied by Chester (1936) and 
Bawden and Pirie (1937). Chester found that in addition to the antigens the 
two viruses had in common each had specific antigens, but Bawden and 
Pirie found that aucuba mosaic virus contained all the antigens there were in 
tobacco mosaic virus, but in addition contained specific ones. Tests of the 
supernatant fluids in this work confirmed Bawden and Pirie, for after tobacco 
mosaic virus antisera were exhausted with aucuba mosaic virus they failed 
to react with tobacco virus, whereas after aucuba mosaic antiserum was 
exhausted with tobacco mosaic virus it still reacted with aucuba mosaic virus. 
In addition, it was found that of the total amount of antibody in an aucuba 
mosaic virus antiserum only about a third could be precipitated by tobacco 
mosaic virus, whereas the same amount of antibody could be precipitated 
by both viruses from tobacco mosaic virus antiserum. 

However, the results comparing weak and strong antisera to tobacco 
mosaic virus show that different sera prepared against the same antigen can 
differ qualitatively in their antibody content, so the results of absorption 
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experiments cannot necessarily be taken as proof that two antigens are 
identical or different. 

Antisera produced by rabbits injected with human serum were found to 
differ in the presence or absence of partial antibodies to different fractions of 
antigenic serum (Kleczkowski, 1938); strong sera contained antibodies to 
globulin and albumin whereas weak sera contained antibodies only to globulin. 
Tobacco mosaic virus antisera may similarly differ in their content of some 
partial antibodies. : 

The amount of antibody bound by pea nodule bacteria is much lower than 
that found by Heidelberger and Kabat (1934, 1937) for pneumococcus. This 
difference may be partly explained by the fact that only the amount of anti- 
body bound at equivalence was determined for the pea nodule bacteria, and 
not the maximum amount that could be bound. However, the pneumococcus 
has a highly antigenic capsule with specific polysaccharide, and so might be 
expected to bind more antibody than the uncapsulated pea nodule bacteria. 


SUMMARY. 


Quantitative investigations of serological reactions of tobacco mosaic, 
aucuba mosaic, and bushy stunt viruses and a strain of pea nodule bacteria, 
with their homologous antisera, and of cross-reaction between tobacco mosaic 
and aucuba mosaic viruses, were made. 

Antibody /antigen ratios in the precipitate formed at equivalence point by 


these plant viruses with their homologous antisera occupy an intermediate 
position between ratios for bacterial agglutination and for precipitation of 
smaller antigens like ovalbumin or blood serum proteins. 

An aucuba mosaic virus antiserum contained antibodies reacting with 
aucuba mosaic virus but not with tobacco mosaic virus, in addition to anti- 
bodies reacting with both, whereas all antibodies in a tobacco mosaic virus 
antiserum reacted with both viruses. 

With the same amount of antibody maximum precipitate with the rod- 
shaped tobacco mosaic and aucuba mosaic viruses is much greater than with 
the spherical (or almost spherical) bushy stunt virus, and is formed in much 
greater antigen excess. 

Qualitative differences between strong and weak tobacco mosaic virus 
antisera were found. 


I wish to express my gratitude to Mr. F. C. Bawden for supplying the virus 
solutions and the aucuba virus antiserum. 


REFERENCES. 


BawbeEn, F.C.—(1939) ‘ Plant Viruses and Virus Diseases,’ Leiden (Chronica Botanica). 

Idem anv Prriz, N. W.—(1937) Brit. J. exp. Path., 18, 275.—(1938) Ibid., 19, 251. 

Boyp, W. C., anp Hooxgr, 8. B.—(1934) J. gen. Physiol., 17, 341. 

CuestEeR, K. S.—(1936) Phytopathology, 26, 778. 

HEIDELBERGER, M., AND Kasat, E. A.—(1934) Proc. Soc. exp. Biol., N.Y., 31, 595.— 
(1937) J. exp. Med., 65, 885. 





58 A. KLECZKOWSKI. 


HEIDELBERGER, M., AND KENDALL, F. E.—(1935a) [bid., 61, 563.—(1935b) Tbid.. 62. 
697. 

HEIDELBERGER, M., AND PEDERSEN, K. O.—(1937) Jbid., 65, 393. 

Hooker, 8. B., anp Boyp, W. C.—(1936) J. Immunol., 30, 33. 

Jones, F. S.—(1927) J. exp. Med., 46, 303.—(1928) Ibid., 48, 183. 

Karat, E. A., AND PEDERSEN, K. O.—(1938) Science, 87, 372. 

Kavscue, G. A., anD Ruska, H.—(1939) Biochem. Z., 303, 221. 

KLEczKOwskKI, A.—(1938) Bull. int. Acad. Polon. Sci. Lett., Cl. Méd., 1.—(1940) 
Brit. J. exp. Path., 21, 1. 

McFartang, A. 8., AND Kekwick, R. A.—(1938) Biochem. J., 32, 1607. 

MarRRACK, J., AND SmitH, F. C.—(193la) Brit. J. exp. Path., 12, 30.—(19316) Ibid., 
12, 182. 

SVEDBERG, T., AND PEDERSEN, K. O.—(1940) ‘ Ultracentrifuge,’ Oxford (Clarendon 
Press). 

Taytor, G. T., Apatr, G. S8., anp Apatr, M. E.—(1934) J. Hyg., Camb., 34, 118. 





